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TRANSLATOR'S NOTE. 



The knowledge of the lack of any book in English covering 
the field of a modern study of furnaces led to the preparation 
of this work. The first part of the volume is a translation of 
Emilio Damour's "Le Chauflfage Industriel et les Fours k Gas." I 
have supplemented the work with diagrams, plates, tables and nu- 
merical problems. The second part of the bookhas been written to 
cover the field of Pyrometry, Gas Analysis, Calorimetry, and Fuel 
Anal3n3is, which have only been touched upon in the work of 
Damour. Chapters have also been added to give typical examples of 
the methods to be followed in designing the various parts of gas- 
recuperative furnaces. 

It has been my aim to present a book which would be helpful 
alike to the works manager and to the theoretician. I have had 
the opportunity of applying the methods given in tests made upon 
the furnaces of the New Jersey Zinc Company. 

I wish to express my warmest thanks to Myrick N. Bolles, Ph. 
D., for his contribution of the chapters on "Calorimetry" and 
the "Ultimate Analysis of Fuels," as well as for his many valuable 
suggestions in reviewing the manuscript. 

A. L. QUENEAU. 

South Bethlehem, Pa., September 21, 1905. 



PREFACE. 



Mr. Queneau has here laid the industrial world, and especially 
the metallurgical world, under great obligation, by bringing to- 
gether his own admirable translation of Damour's admirable 
work and welcome chapters by himself and Dr. BoUes, both of 
whom I am happy to count among my past students, on the con- 
trol and efficiency of heating operations through pjrrometry and 
chemical anal3rsis, and on the design of chimne3n3 and of regen- 
erative gas furnaces. To the practicing metallurgist as well as 
to the advanced student, this work should be very valuable, giving 
as it does, with well combined clearness and condensation, the re- 
sults of scientific experiment and of practical experience, and 
the explanations needed for a firm grasp of the subject. The 
writers are to be congratulated on having reduced within moderate 
limits the use of mathematics, probably recognizing, as so many 
experienced teachers do, that to the minds of nearly all men ideas 
are brought by far most easily by means of their own native 
and every-day language, and of visible pictures. If we are to 
teach, let us teach not only with all our force, but with all our skill, 
along the line of least resistance to the introduction of new thought, 
that with the strength and time allotted us we may work the great- 
est aid to our fellows. To all but a very small group of men 
mathematical formulae remain not only a foreign but a repellant 
language, to be used for giving perfect precision and definition to 
ideas already expressed in the vernacular, or in extremities when 
verbal language fails, somewhat as when in despair we turn to 
Latin or Greek to drive a thought home deeper and surer than 
we can with English, sometimes perhaps because of its defects, 
but oftener because of our own clumsiness in its use; or as when 
we turn to medicine because diet and temperance fail. 

By his translation, in which his skill in a foreign language, our 
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puzzling English, rouses our applause, Mr. Queneau gives us easier 
access to Damour's valuable work; but in their original chapters 
he and Dr. BoUes add the fruits of their own keen study, and of 
their labors at once faithful, strenuous, and efficient. 

Let us, their beneficiaries, wish them the fullest enjoyment of 
the second greatest of human pleasures, the consciousness of work 
valuable to our kind, well and faithfully done. 

Henry M. Howe. 

Coliunbia University in the 

Qty of New York, 

March 23, 1906. 



INTRODUCTION. 



The problem of industrial heating is very complex and often 
more diflBcult of treatment than questions of a purely scientific 
nature, since in addition to the attainment of a high temperature, 
the proper heating of a furnace of large dimensions, and other 
purely technical questions, comes the economical factor, the touch- 
stone of success. 

The problem may be stated as follows: An industrial furnace 
is an apparatus, applicable to any industry, so designed that it 
will economically produce a high temperature, uniformly distributed 
in a hearth of large dimensions. 

In the general case there are four conditions to be satisfied^ 
namely: Economy, high temperature, all dimensions and all in- 
dustries. Sometimes the problem becomes more complicated. 
Thus, a furnace may be required to give alternately high and low 
temperatures (re-heating furnaces), or to give simultaneously 
different temperatures in different parts of the hearth (glass fur- 
naces), or, still further, different temperatures in different com- 
partments (Hoffman furnace for bricks and potteries). 

For other adaptations, on the contrary, the problem is sim- 
plified; for instance, when a low temperature will suffice, a hot 
flame is useless and even harmful (steam boilers); again, where 
there is limited hearth area, necessitated by hand working (puddling 
furnaces). Even the question of fuel economy, which would appear 
all important in industrial furnaces, may become secondary when 
it conflicts with factors of greater importance financially, as the 
efficiency of the men, etc. The engineer should be able to solve 
not only the general problem, but further to modify his design to 
suit special cases. 

The selection of the proper tjrpe of furnace is made diflicult 
by the considerable number of apparatus extant of widely different 
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designs, all ingenious, the advantages of which are often more 
apparent than real. 

The four general conditions covering the heating problem have 
often been confused. Siemens' invention of recuperation offered 
a solution so perfect that it at once realized a saving of from one- 
to two-thirds of the fuel. Temperatures higher than could be 
previously obtained permitted the heating of furnaces of dimen- 
sions unknown before and, furthermore, the invention was suited 
to most varied applications, as the fusion of steel and glass — ^sub- 
stances differing as radically as possible, from a thermal point of 
view. 

The rapid advance created by one form of apparatus caused 
some confusion. Engineers and builders came to think that the 
diflferent phases of the heating problem were all intimately con- 
nected. High temperature and recuperation appeared to be 
functions of each other, and gas firing, with recuperation, seemed 
to be suited only to large units and ill adapted to small ones; even 
the character of the substances to be heated was lost sight of. 

These ideas are not only most inaccurate, but also detrimental 
to the correct study of furnaces. To be convinced of this, it is 
sufficient to recall that, disregarding economy, it is possible to ob- 
tain very high temperatures without recuperation by an indepen- 
dent heating of the air of combustion, as was done for many years 
in blast-furnace practice; likewise, in ceramics, it was possible 
to heat very large kilns without recourse to gas firing; there are 
instances even in which fuel economy is not to be sought at all 
by recuperation. We will show this to be the case for low tem- 
peratures. 

In order to be able to solve rationally the many problems met 
with in industrial heating, the various phases of heat utilization 
must be taken up, and the several questions which have been 
united in the happy solution offered in the gas-fired recuperative 
furnaces must be separated. 

A complete study of the art of heating comprises, then, the 
following chapters: 

1. Heat utilization in furnaces; fuel economy; recuperation of 
lost heat. 
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2. Production of high temperatures; influence of pre-heating 
the gases; radiation losses. 

3. Furnace dimensions; large furnaces with long flames; small 
furnaces with short flames; influence of the velocity of the gases 
and of the shape of the issuing ports. 

4. Applications of gas-fired furnaces to varied industries — ^metal- 
lurgy, ceramics, etc.; design of the furnace as influenced by the 
character of the body to be heated. 

5. Finally, fuel gasification calls for special study, to ascertain 
the most suitable type of producer and the best methods of gasi- 
fication, which should vary according as the gas is used hot or 
cold, and whether with or without recuperation. 

Of all these questions the one of heat utilization is doubtless 
the most interesting, now that the production of high temper- 
atures is no longer a serious problem. Economy is the constant 
aim of modem industry. It is a problem which is and always 
will be of necessity interesting, and therefore it is the one which 
will be treated first. 

It is the purpose of the present work to study the means of im- 
proving the utilization of heat and of decreasing, through recuper- 
ation, the loss of heat in the waste products. To accomplish this 
study, the supposition will be made that the furnaces are governed 
by the physical laws of combustion and exchange of calories, each 
phenomenon taking place completely. At first the practical con- 
siderations, as that of time, which limit most of these phenomena, 
will not be taken into account. In a word, a Theory of Recuper- 
ation will be built, which will allow the classification of furnaces 
according to their maximum efficiency. This will constitute 
the first part of this book. 

In the second part will be introduced into the discussion the data 
given by the experimental study of furnaces. It will then become 
possible to make a thermic balance sheet which will serve for 
reference, and also to give the ultimate classification of the various 
systems of heating in actual use. 

This will then fully cover the first problem : Heat Utilization and 
Recuperation. 

EmiLio D amour. 
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PART I. 



THEORETICAL STUDY OF RECUPERATION. 
CHAPTER I. 

Scientific Data Necessary for the Study of Combustion 

Phenomena. 

The basis for all thermic study is the knowledge of the heats of 
combustion, for the determination of which science is indebted to 
Vieille and Berthelot, who used for their work the calorimetric 
bomb. But these data were insufficient to solve the problem we 
have undertaken, until Mallard and Le Chatelier had determined 
the specific heats and thermal capacities of gases. ^ It is easily seen, 
then, that it is only recently that it has been possible to solve the 
theoretical question of the industrial production and utilization of 
heat. 

Heai of Combustion and Calorific Power, — ^By heat of combustion 
imder constant pressure, or more simply heat of combustion of a 
chemical element or of a well defined chemical compound, is meant 
the number of calories* liberated by the combination with oxy- 
gen of a number of grams of this substance equal to its molecular 
weight.* "By definition, when the body is a gas, the molecular 
weight corresponds to a volume, alike for all gases, of 22.32 liters. 
This unity of volume, adopted by Berthelot in his thermochemical 
work, is what we will call the Molecular Volume. 

1 Mall&rd and Le Chatelier made theee determinations Jointly, in connection with their 
well known work as members of the "Commission du Grisou." This explains without 
doubt why these data, all important to science and industry, have been promulgated so 
slowly. 

> We make use of the large calory throui^out this work. 

*The moleeular weights of elements are generally double their atomic weights; the 
molecular weights of compounds are equal to the sum of the molecular weights of the 
constituent elements. 
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10 INDUSTRIAL FURNACES AND METHODS OF CONTROL. 

When the body under combustion is a fuel, coal, coke, etc., at 
the ordinary temperature, the heat of combustion is designated 
more specifically by the name of Calorific Power. This experi- 
mental constant, easily determined by means of the Mahler bomb, 
represents, then, the available calorific energy — ^Aat is, the quantity 
of heat the complete utilization of which is to be sought, since all 
industrial combustions take place without compression, at a pres- 
sure very nearly equal to that of the atmosphere. These two 
data — the heat of combustion and the calorific power under con- 
stant pressure — are those that perform the fundamental function 
in the theoretical and practical questions occurring in industrial 
heating. 

The heat of combustion of chemical elements, as well as the 
heats of combustion produced by the combination of these elements, 
have been determined by Berthelot and are published in the "An- 
nuaire du Bureau des Longitudes." From the 1897 edition we 
have taken the figures required for our study, and have formed 
from them a table which will be suflScient for all problems of com- 
bustion in furnaces. 

Thermal Capacities and Specific Heats of Oases. — ^When a gas 
maintained at a constant pressure is brought from an initial tem- 
perature T^ to a higher temperature Ti the number of calories ab- 
sorbed by the gas in this operation is called the Thermal Capacity 
between the temperatures T^ and Tj. 

Inversely, the Thermal Capacities will give the number of cal- 
ories set free by the gas when cooling from T^ to T©. These con- 
stants are the basis for all calculations of exchange, in calories, in 
the phenomena of heating and combustion. 

The Specific Heat of a gas at any temperature, which we do not 
need to limit, is easily derived from its Thermal Capacity. It 
is the first derivative of the function expressing the Thermal 
Capacity. It is not possible, inversely, to derive from the specific 
heat of a gas at a given temperature, or even from the mean specific 
heat between the temperatures 0** and 100® C, the Thermal Capacity 
of the gas at a temperature above 100® C. 

The fact is that all Specific Heats are variable and increase in 
general with the temperature. If the law of increase is unknown 
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it is evidently impossible to go from the derivative to the primitive 
function, that is, from the Specific Heat to the Thermal Capacity. 

It follows that the Specific Heats of gases under constant pressure 
between O*' and 100** C, determined by Regnault, are not sufficient 
to calculate the quantity, of heat absorbed by a gas in heating or 
radiated in cooling, and h^nce all calculations based on these figures 
are subject to a more or less grave error, the importance of which 
could not formerly be estimated.* In short, the problem of combus- 
tion and exchange of calories cannot be taken up with the single 
datum of the specific heats between 0° and 100® C. 

The formulas expressing the law of heating of gases under con- 
stant pressure have been given by Mallard and Le Chatelier as a 
function of absolute temperature. 

The Thermal Capacities of Gases from absolute 0** (—273® C.) to 
a temperature T = 273® + t may be expressed by a parabolic 
formula of two parameters: 

T T' 

Q-a— !—- + b. 



1000 1000' 

in which ^^a" is a constant, conmion to all gases, equal to 6.5, and 
''b'^ is another constant, variable for the different gases; its values 
are: 

Perfect Gases Water Vapor Carbon Dioxide Methane 
0„N„Ha,CO H,0 CO, CH, 

0.6 2.9 3.7 6.0 

It follows that the total Thermal Capacities of a Molecular Vol- 
ume (22.32 liters) of any gas between 

to - To — 273® and t - T- 273® 
will be expressed by the formulas given in Table 3. 

1 A large number of calculationB of heat balanoe-aheets have been published, based on 
these instifficient data. 
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TABLE 3. 

Thbrmat. Capacitibs or GAasd per Molecular Volumes 
IN Absolute Temperatures 



Gas 



Under Constant Pressure 



Under Constant Volume 



Perfect Gases (O2. N 2, H 2, CO^ 

Water Vapor. H 2O 

Carbon Dioxide, CO 2 

Methane. CH4 



^, T — To . T» — To2 
0.5 ,-3 1- .6 



10» 



10« 
T2 — To^ 



.T — To 
10« 



, T2 — To* 



10« 
T2 — To* 



6.6 T_To^3^y^^^ 



10* 

4.6 jQ, +2.9 jQ, 

T — To T« — To« 

4.6 ,^, + 3.7 



10« 



6.5 



T — To 
103 



6.0 



T2 — To" 



lOfl 



*«-10.- + «° 10 



100 

Ta- To* 



TABLE 4. 

Thermal Capacities of Gases per Molecular Volumes 
IN Centigrade Deorbes 



Gases 



Under Constant Pressure 



Perfect Gases (O 2, N ,, H 2, CO) 

Water Vapor, H 2O 

i 
Carbon Dioxide, CO? 

Methane, CH 



9.78*. + 6.0-^, 



Under Constant Volume 


4.83 


t 
103 


10« 


6.08 


t 
103 


--i^ 


6.62 


t 
10« 


--i^. 


7.78 


t 
10 3 


+ «"iF. 



TABLE 5. 

Thermal Capacities op Gases per Kilooram in Centigrade Degrees 

Gases < Under Constant Pressure Under Constant Volume 

Oxygen 2l3t 4- 19 X 10 -«t» 1 .160t + 19 X 10 -n* 

Nitrogen and Carbon Monoxide. . . .243t + 21 X 10 -»t» .171t + 21 X 10 -*t» 

Hydrogen 3.400t + 300 X 10 'H 2 2.40t + 300 X 10 "H 2 

Water Vapor 447t + 162 X 10 'H^ .335t -f 162 X 10 'H^ 

Carbon Dioxide 193t + 84 X 10 -*ta .15t + 84 X 10 "•ta 

Methane 608t 4- 374 X 10 "Ha , .491t 4- 374 X 10 "^2 

I I 
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TABLE 6. 

ThSRMAL CaPACITIBS op GaBBS per MOLBCUUIR VOLUMS 



Temperatures 


0,.N2,H2,CO 


H,0 


CO, 


CH4 


3-.002t 


C. 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2800 

3000 




1.39 

2.82 

4.31 

5.82 

7.43 

9.05 

10.73 

12.46 

14.21 

16.05 

17.91 

19.84 

21.81 

23.82 

25.89 




1.73 

3.69 

6.87 

8.23 

10.98 

13.87 

17.00 

20.36 

23.86 

27.76 

31.82 

36.10 

40.62 

46.64 

60.64 




1.85 

3.99 

6.44 

9.18 

12.22 

15.66 

19.18 

23.10 

27.21 

31.84 

36.65 

41.76 

47.16 

52.84 

68.86 



2.19 
4.85 
8.02 
11.46 
16.77 
20.37 
26.44 
30.99 
36.86 
43.55 
50.54 
58.02 
66.04 
74.42 
83.34 



0.4 
0.8 
1.2 
1.6 
2.0 
2.4 
2.8 
3.2 
3.6 
4.0 
4.4 
4.8 
6.2 
5.6 
6.0 



TABLE 7. 

Thermal Capacxtibs op Gabbs pbr Kxiooraic. 



Temperatures 



OC. 

200.. 

400.. 

600.. 

800.. 
1000. . 
1200.. 
1400. 
1600. 
1800. 
2000. 
2200. - 
2400. . 
2600. 
2800 . .. 
3000. ... 



O2 




47.3 
88.0 
134.0 
181.0 
232.0 
284.0 
334.0 
391.0 
444.0 
503.0 
568.0 
620.0 
681.0 
735.0 
810.0 



N2.CO 




50 
100 
154 
207 
264 
3^25 
383 
445 
508 
575 
637 
708 
777 
860 
921 



Ha 





700 

1400 

2150 

2900 

3700 

4660 

6360 

6250 

7100 

8060 

8960 

0900 

10900 

11900 

12950 



H2O 





100 

203 

326 

461 

609 

770 

943 

1130 

1330 

1642 

1751 

1986 

2241 

2520 

2799 



CO, 





43.1 

91.0 

145.0 

208.0 

277.0 

354.0 

435.0 

523.0 

618.0 

728.0 

840.0 

950.0 

1070.0 

1200.0 

1355.0 



CH4 





136.6 

303.0 

499.0 

726.0 

982.0 

I 1269.0 

I 1584.0 

I 1931.0 

' 2307.0 

2712.0 

I 3148.0 

' 3614.0 

4109.0 

4635.0 

5190.0 



,- .09t 



18 

36 

54 

72 

90 

108 

126 

144 

162 

180 

198 

216 

234 

262 

270 



These formulas make it possible to find the Thermal Capa- 
cities between any two temperatures. 

The Specific Heats at any temperatures are to be obtained by 
taking the first derivative of the formulas for the Thermal Ca- 
pacities. They are given hi Table 2. This, however, is without 
interest to our study. As we will constantly be obliged to compute 
the Thermal Capacities, it has appeared advisable to reproduce 
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them in a table, for each 200®, between the limits of temperature 
found in industrial furnaces. 

By plotting the expression for Thermal Capacity in rectangular 
coordinates, we obtain a curve from which it is possible to find, 
with sufficient accuracy, the values of the Thermal Capacity for 
any temperature. 

Temperatures of CombiLstion. — ^The knowledge of the Heats of 
Combustion and of the Thermal Capacities makes it possible to 
solve a fundamental problem in our study — ^the problem of the 
Temperatures of Combustion. 

By "temperature of combustion" is meant the temperature to 
which the gaseous products are brought, after combustion under 
constant pressure. It is supposed that this action takes place so 
rapidly that radiation is negligible and that the enclosure is ather- 
man. These conditions are nearly similar to those met in prac- 
tice; the pressure in the furnace is that of the atmosphere. The 
instantanedusness of action and the athermancy of the furnace are 
not entirely fulfilled; this explains why the temperature of a flame 
in a furnace is inferior to the temperature of combustion. How- 
ever, other things being equal, the temperatures of combustion 
allow an estimate of the practical value of a fuel which the calorific 
power and the specific heats alone cannot do. Formerly many 
computations, based only on the calorific power of the gases, were 
made in order to estimate the value of a special furnace; these 
data are always insufficient. 

The computation of the exact temperature of combustion is 
logically derived from the knowledge of the Thermal Capacity. 
Soon after the completion of the work of the Commission du Grisou, 
Professor Le Chatelier showed how the former theoretical com- 
putations of temperatures were inaccurate. 

General Equation of the Temperature of Combustion, — During 
combustion the heat liberated, under constant pressure, is used 
only to raise the temperature of the final gaseous mixture; and 
since by hypothesis the phenomenon is atherman, there is equality 
between the latent heat of combustion and the sensible heat con- 
tained iQ the gaseous mixture after combustion has taken place, 
hence the equation: 
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2L= 2a(T-To)+ 2b(T»-To') (1) 

This is a corollary of Joule's principle. Since no work is done 
under constant pressure, the sum of the quantities of heat in play 
in a closed cycle is equal to zero. 

cdt 



k 



(2) 



The equation (1) is of the second degree, and gives the value 
of T as a function of To- The solution of the equation may be 
tedious in case of a complex mixture of gases. It is much quicker 
to use the graphic method, if a table of Thermal Capacities is at 
hand. 




/S^O* 7kmj»^rwA€/rm9 



Fig. 1. — Graphic Method for the Determination of the Temperatures 

of cjombustion. 

Oraphic Method for the Comjnjtiaiion of the Temperatures of Comr 
budion, — ^The intersection of the line zL with the parabola 

za (T-To) + 2b (T»— To*) 

is to be found. The parabola is traced by points corresponding 
to temperatures for which the Thermal Capacities are given in the 
table (see preceding paragraphs), and thus the solution of the equa- 
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tion is obtained at once. The graphic method is used entirely in 
these pages; it cannot be commended too highly for rapid computa- 
tions ; it has the further advantage that, though not so accurate as 
the mathematical method, it is much less liable to error. 

Unless otherwise stated, all the computations given in the present 
work are made with the supposition that a molecular weight of 
the fuel is burned. This molecular weight will be taken as the 
basic unit. It is evident that, were any other weight taken, the 
same temperature would be obtained, because in the general equa- 
tion the masses do not enter as a factor. 



^^sse 




Fig. 2. — ^Temperature of Combustion of Hydrogen in Air. 



Temperature of Combustion of Hydrogen in Cold Air, — In order 
to bum the molecular weight of hydrogen, 2 grams (22.32 liters), 
to water vapor, a half molecular volume of oxygen (iO,) is re- 
quired; this oxygen will be accompanied by about a quadruple 
volume of nitrogen* (2Na), that is to say, two molecular volumes. 
From the table of Thermal Capacities may be found the number of 

^ In volume air U compoeed of 20.8 parts of oxygen, and of 79.2 parts of nitrogen, 
or of one part of oxygen for 3.8 parts of nitrogen, or about 4 parts. To simplifv our 
computations we will always take the ratio 1 : 4. For more accurate ratios see Tables 13 
and 14. 
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calories required to raise this gaseous mixture to different tem- 
peratures. 





Products of CombuBtion 


1800" 


2000 «» 


2200» 


H20 


23*86 
28.42 

52.28 


b 
27.76 
32.10 



31.82 


2K0 ....■■ ; • ;; ;; ;; ; 


35.82 




Total 






59.86 


67.64 









The total heat liberated by 2 grams of hydrogen burning to 
water vapor is 58.2 calories, which is the value of 2 L in the general 
equation. From the above table it is s^n at a glance that the 
unknown temperature of combustion is included between 1800° 
and 2000° C. If the curve characterized by the three points 
a, by c 18 drawn, its intersection with the line Q = 58.2 will give, 
graphically, the temperature of combustion of hydrogen: 1970° C. 

Temperature of Combustion of Carbon, — Burned with cold air 
and without any excess of air, the temperature of combustion of 
carbon is 2040° C. (see page 21 ) ; but if we suppose that the products 
of combustion carry 5% of free oxygen, or 25% excess of air, the 
temperature is lowered to 1650°. 

These two results are interesting, as showing the maximum 
temperatures that can be obtained in a furnace. These temperar 
tures represent the limit of temperatures of direct-fired furnaces. 
In such furnaces it is practically impossible to secure complete 
combustion without a large excess of air, rarely less than 5%. 
This temperature of 1650° C, which does not allow for radiation 
and all other exterior losses of heat, shows conclusively the im- 
possibility of obtaining high temperatures by direct firing. 

If there is an excess of 5% of carbon monoxide in the products 
of combustion, the temperature reaches a higher figure — 1930° C. 
Such a combustion is to be obtained only in gas firing; this indi- 
cates that, in order to obtain high temperatures, it is advisable, 
in gas furnaces, to run with excess of carbon monoxide in the waste 
products, though evidently it is less economical, the coal consump- 
tion being higher. If economy and temperature are both taken 
into account, each particular case must be taken into considera- 
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tion, but in general it -may be said that, for furnaces requiring high 
temperatures, the running with excess of carbon monoxide is to 
be preferred. Excess of air, on- the -other hand, is preferable for 
low-temperature furnaces, as steam boilers, where it is of prime 
importance that the combustion be complete. 

In both cases, the running without excess of either air or carbon 
monoxide is more advantageous in respect to the amount of coal 
burned. 

Oeneral Case. — ^Find the temperature of combustion of a pro- 
ducer gas, the volumetric analysis of which is as follows: 

Carbon Dioxide 5.0% 

Carbon Monoxide 20.0 

Hydrogen 12 .0 

Methane 3.0 

Water Vapor 2.0 

Nitrogen 58.0 

100.0% 

The gas is pre-heated to 1000*^ C; the air of combustion is also 
pre-heated to lOOO"* C. 

The volume of air required for the complete combustion of the 
gas is obtained as follows: 

20 volumes of CO require 10 volumes of oxygen 
12 « Hj " 6 " 

3 « CH, " 6 " 

Or, for 100 volumes of the gas, 22 volumes of oxygen are required 
or 110 volumes of air. 
The heat brought by the air and gas at 1000° C. is as follows: 



Gaa 



Comporition in 
mS. Vol. 



Calories as 
Sensible Heat 



Calories as 
Latent Heat 



CO3 
CO 
Ha 

C&4 

H,0 



Air required. 
Total 



.05 

.201 

.12 

.58) 

.03 

.02 



1.00 



1.10 



.6 
6.6 



.5 
.2 



8.1 
16.0 



13.6 
6.9 



5.6 



S L - 42.1 Calories 
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The following table gives the Thermal Capacities for the volumes 
of the products of combustion, for different temperatures. 



Products of Combuation 


Volumes 




Thermal Capacities 


2000° 


2200° 


2400° 


CO. 

§U):.v.;::::::::::::::::: 


0.28 

1.46 

.20 


8.6 

23.4 

5.5 

37.4 


10.3 

26.1 

6.3 

42.7 


11.7 

28.9 

7.2 

47 8 



It is seen at a glance that the temperature of combustion is 
nearly 2200® C. This. very high temperature shows the practical 
value of pre-heating the air and the gas for high temperatures. 

Combustion of Carbon Monoxide in Cold Air, — The weight of 
carbon monoxide to be burned is 28 grams, corresponding to the 
molecular volume, 22.32 liters; the heat liberated is 68.2 calories. 




/S^^ 



i/vr/V/T? 



Fio. 3. — ^Temperature of Ck)MBU8TiON of Carbon Monoxide in Air. 
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By plotting the curve characterized by the three points a, b, c, 
and the straight line Q = 68.2, we find their intersection to cor- 
respond to a temperature of 2100° C. 
The following table gives the thermal capacities: 





Waste Products . 


Thermal Capacities 






1800° 2000° 


2200° 


S?.-.;:: 




27.2 31.8 
28.4 32.1 




36.6 
36.8 



a- 65.6 



b - 63.9 



c - 72.4 



Temperatttre of Combustion of the Theoretical Water Oaa (CO 
-f Hj) m Cold Air. — Its combustion takes place according to the 
following reaction : 

CO + H, -f O, = CO2 -f Rfi + 68.2 + 58.2 = 126.4 calories. 

Hence the following table and diagram (Fig. 4). 




T&w/?erat(/re 



Fig. 4. — ^Tempbraturb op Combustion of Watbh Gas (OO+Hg^ in Air 
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Waste Products 


Thennal Capacities 




1800** 


2000'' 1 


2200» 


CO,... 
HaO... 


Total 


27.2 
23.8 
56.8 


31.8 1 
27.7 1 
64.2 1 

123.7 1 


36.6 
31.8 
71.6 




107.8 


140.0 



The intersection of the two lines gives 2030® C. as the tempera- 
ture of Combustion. 

The preceding results show that if carbon monoxide, CO, is free 
from nitrogen, its temperature of combustion is higher than that 
of hydrogen; also, that that of the theoretical water gas is inter- 
mediate between the two. 

Temperature of Combustion of Carbon in Cold Air. — The weight 
of amorphous carbon burned is 12 grams. This corresponds to 
the molecular volume 22.32 liters of carbon dioxide, CO,. Heat 
liberated, 97.6 calories. The following table and diagram give a 
temperature of combustion of 2040® C: 




Fig. 6. — ^Tbmpbraturb op Combustion op Carbon in Air. 
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Products of CombuatioD 






Thermal Capaciti 


68 




ISW 


2000» 


2200^ 


CO, 

4N^ 


27.2 
56.8 

84.0 


81.8 
64.2 

96.0 


86.6 
71.6 

108.2 




X- 


-2040»C. 







Temperature of Cornbustion of Bitumirums Coal in Cold Air.- 
AnalyBis of the bituminous coal: 

Total Carbon 76.2% 

Oxygen O2 8.2 

Nitrogen N. 1.0 

Hydrogen H2. 5.2 

Hygroscopic Water H2O 3.4 

Aah 7.0 



100.0% 

The Calorific Power detennined in a Mahler bomb calorimeter 
was found to be 7423 calories. 

The combustion of this coal will yield waste products containing 
the following: *^ 

Carbon Dioxide, 

Water of Combination, 

Hygroscopic Water, 

Nitrogen coming from the coal, 

Nitrogen coming from the air. 

The composition of the products of combustion in Molecular 
Volumes is obtained as follows: 

Twelve grams of carbon give, in burning, one molecular volume 
of carbon dioxide; 75.2 grams give 6.27 vol. 

Two grams of hydrogen give, in burning, one molecular volume 
of water vapor; 5.2 grams give 2.6 in molecular vol. 

Eighteen grams of water give one molecular volume of water 
vapor; 3.4 grams give 0.19 vol., a total of 2.79 vol. of water vapor. 

The oxygen required for combustion is: 

6.27 volumes for the formation of CO* 
1.30 " " " " - HjO 

Molecular volume corresponding to 8.2 grams of Oxygen in the fuel, 8.2 -i- 32 — .25 
molecular volumes. 

Oxygen required from the air, 7.67 — .25 — 7.320 Vol. 

Nitrogen required " " " 7.32 X 4 - 20.280 " 

from the coal. 1.0/28 - 0.036 - 

Total volume of Nitrogen 20.32 " 
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The volumetric composition of the waste products is, then: 

Carbon Dioxide ^ 6.27 

Water Vapor 2.79 

Nitrogen 29.32 

The combustion of 100 grams of coal liberated 742.3 calories. 
Referring to the table of Thermal Capacities per M. V. : 





M0I.V0I. 


Thermal Caoaoitiea 


Products of Combustion 


1600" 


1800» 


2000« 


^::::\v:::::::::::::::::. 


6.27 

2.79 

29.32 


144.8 

56.7 

365.3 

566.8 


170.6 

66.5 

416.6 


199.6 
77.4 


^::::::::::::::::::::::: 


471.0 


Total 


653.6 


748.0 



It is seen at once that the maximum temperature to be realized 
with this coal in a direct-fired furnace is nearly 2000** C. 

Temperature of Combustion of Siemens Producer-Oas Burned 
with Pre-heated Air, — ^The composition of the theoretical Siemens 
producer-gas (no steam being injected under the grate) is CO -h 2N,. 

Both the air and gas ^ne pre-heated to 1000** C. One-half mole- 
cule of oxygen is needed for the molecule of carbon monoxide: 
this oxygen carries with itself two molecules of nitrogen. 

Calories liberated by the combustion —....- 68.2 

brought by one vol of CO 7.43 

*y- .. XvoLO. 3.72 

" 4 vol. ofN, 29.72 

Total 109.07 

The thermal capacities of the combustion products are: 



Gas 


1800" 


2000" 


2200* 


2400* 


CO* 


27.2 
56.8 

84.0 


31.8 
64.2 

96.0 


36.6 
71.6 


41.8 


4 Na.... --:.:■- 


79.4 




Total 






108.2 


121.2 



By plotting the curves of Q and of the thermal capacities, we 
find the temperature of combustion to be 2215** C. | 

In the same maimer we find that, if both the air and the gas 
are pre-heated to 600° C, the temperature of combustion is 1865® C. 




FiQ. 5 — ^Tbmperatures of Combustion op Siemens Gas (C0+2N,\ 
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If the air and gas are cold, the temperature of combustion falls 
tolSOO^ 

Combustion Temperatvrea of the Pittsburg Natural Oas, — We 
next seek to ascertain the temperature of combustion of the Pitts- 
burg natural gas when burned with the theoretically requisite air, 
the air being burned cold; also, the temperature of combustion if 
the air is pre-heated to 1000** C. ; further, the temperature of com- 
bustion of the same gas if 25% excess of air is injected in the 
furnace, the air being given, first col(J and secondly pre-heated to 
1000°. 

The gas has the following composition, by volume: 



CH4 67.00% 

H2. 22.00 

C9H4 1.00 

CaHe 6.00 

CO 60 

COa 60 

O2 80 

N2 3.00 

Total 100.00% 



Volume of oxygen required for combustion, and the resulting 
volumetric composition of the products of combustion: 





Volume of Oxygen required 


Volume of the Products of Combustion 


Oaa 


Oa 


CO2 


H2O 


Na 


CH4 
COj 


.67 X 2 1.34 

.22 X .6 11 

.01 X 3 03 

.06 X 3.6 176 

.006X .6 003 


.67 

.02" 
.10 
.006 
.006 


1.34 
.22 
.02 
.16 

Brought by O2 i 




N 




03 






6.28 


Total 


1.658 

in gas 008 


.802 


1.73 


6.31 











Oxygen from the air 1 .66 

Nitrogen from the air 

Total volume of air 

If we introduce 26% excess of air, the 
volume of air becomes 7.03 + 1.08 — 



7.03 
0.01 



6.28 
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The oomposition of the products of combustion in this latter 
case becomes: 

Molecular Voluiiiea. 

CO9 8 .02 

H,0 1.73 

O, 41 

N, 7.86 

Thermal capacities of the products of combustion, in the case 
of no excess of air: 



Gm 

N, 

H,o 

COi 

Total 



Vol. 


1800* 


2000*» 


2200* 


2400 


3000"* 


6.310 

1.730 

.802 


80.7 
41.3 
21.8 


101.3 
48.0 
24.6 


113.0 
66.0 
20.3 


126.1 
62.4 
33.4 


163.4 
87.6 
47.1 


8.842 


162.8 


173.8 


197.3 


220.0 


298.0 



Calories brought by the air at 1000^ C. (no excess of air): 
7.43 X 7.93 = 68.9 calories. 

Calorific power of the gas: 

CH4 .67 X 196.2 130.78 Calories. 

Ha .22 X 68.2 12.84 

0,H4 .01 X341.9 3.42 

C,H« .06 X 321.77 16.09 - 

CO .006 X 68.2 41 

Total 163.64 Caloriea. 

Total calories, sensible and latent, in the case of no excess of air: 

58.9 -h 163.54 = 222.44 calories. 

The intersections of the curve and straight lines give, as the tem- 
peratures of combustion, 2415® C. when the air is heated to 1000® C. 
and 1900® when the air is cold. 



Use. 



B/ff. 
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Fro. 7. 



Thermal capacities of the waste products with 25% excess of air: 


Gm 


Mol. 


Vol. 


leoo- 


1800° 2000« 2200* 


Nj 

Oj 

HaO 


7.86 1 . 

.41 / 
1.73 
.802 


8.26 


103.0 

36.2 
18.6 


117.4 

41.3 
27.8 


132.6 

48.0 
24.6 


148.0 
66.0 


c6» 


29.3 


TotBl 


i 


156.7 


180.6 


206.0 


282.8 
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Calories brought by the air at 1000° C. 

7.43 X 9.91 - 73.60 Calorics. 

Latent heat of gas 163 .54 

Total 237.14 Calories. 

From the diagram we find that the temperatures of combustion 
are respectively 2235** C. and 1660° C. 

To what temperature should the theoretically required air be 
pre-heated in order that the temperature of combustion be 3000° C.7 

The thermal capacities of the products of combustion at 3000° 
are 298.0 calories; the gas has a latent heat of 163.54 calories; 
therefore, the air must bring an extra number of calories equal to 

298.0—163.54 = 134.46 calories. 

This is for the total air, which has a molecular volume equal 
to 7.93; the calories per molecular volume must be equal to 

134.46 -f 7.93 « 16.97 calories. 

From the diagram of the thermal capacities we find at once 
that the air should be pre-heated to 2100° C. 

The Natural Gas of lola, Kansas, contains by analysis: 

Methane. CH * 89.66% by volume. 

Carbon Monoxide. CO 1 .23 

Carbon Dioxide, COj 90 

Nitrogen. Na 7.76 

Oxygen, Oj 46 ** 

Required: 

(1) The temperature of combustion, if the gas is burned cold, 
with the theoretical amount of cold, dry air necessary. 

(2) The temperature of combuBtion, if burned cold, with the 
requisite air pre-heated to 1000°. Also if pre-heated to 500°. 

(3) The temperature of combustion, the gas being burned cold 
with 25% more air than theoretically necessary, the air being cold, 
pre-heated to 500° and to 1000°. 

(4) The temperature of combustion, the gas being burned cold 
with a quantity of air smaller than theoretically necessary, so that 

' 5% of the gas remains unbumed. The air being cold, then pre- 
heated to 500° and finally pre-heated to 1000°. 
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Calorific power of the gas per molecular volume (22.32 liters) 

CfdorieB per M. V. 

CH4 .8966 X 195.2 - 175.0 Calories. 

CO .0123 X 68.2- 84 



Total 175.84 Calories. 

Molecular volumes of oxygen required for combustion: 



CH4 

CO 



.8966 X 2 
.0123 X 0.5 



Total. 
Oxygen in gas 



Oxygen required from the atmosphere . 

Nitrogen carried by the oxygen: 



1.7947 X 3.808 - . 
Total volume of air. 



1.793 
.0062 



1.7992 
.0045 



1.7947 



6.836 
8.6307 



Composition of the products of combustion: 



CO, 
HaO 



1.79 
6.836 



+ .009 - 9056 

1.79 

+ .0776 - 6.914 



Calories brought by air at 1000° 



6.914 X 7.43 - 51.37 

Latent calories of gas 175 .84 

Total 227.21 

Calories brought by air at 500°: 

6.914 X 3.57 - 24.68 

Latent calories of gas — 175 .84 

Total 200.52 

Thermal capacities of the products of combustion: 



Gas 


Mol. Vol. 

6.914 1 

1.74 1 

.9066 


2000» 


2200" 


2400** 1 


2600" 


Na 


110.95 
49.70 
28.83 


123.85 
57.07 
33.20 


137.20 
64.77 
37.82 


150.08 


HaO 


72.71 


COa. 


42.71 




Total 






' 


189.48 
a 


214.12 
b 


239.79 

c ' 


265.50 
d 



The parabolic curve corresponding to the points a, 6, c, d has 
been plotted in Fig. 8. Its intersections with the straight lines 
Q = 175.84, Q = 227.21 and Q = 200.52 give the required tern- 
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peratures of combustion, namely, 2400°, 2135° and 1885° re- 
spectively. 

CombTistian v/Uh 25% eoccess of air: 



Free Oxymn, 1.79 X .26 — 


.46 


Excess of liitrogen 


1.709 


Exoem of wr 


2.16 Molecular Volumes. 


ToUl volume of air 


.... 10.79 
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Composition of the products of combustion : 



Ns 6.914 + 1.709- 

i^o y.'.'.'.'.w.'.y.'.y.'. 

CO, 



8.623 
.45 

1.79 
.91 



Calories brought by air at 500®: 

8.63 X 3.67 - 30.81 

Latent heat of gas : 175.84 

Total 206.65 

Calories brought by air at 1000°: 

10.79 X 7.43 - 80.2 

Latent heat of gas 176.84 

Total 256.04 







32 INDUSTRIAL FURNACES AND METHODS OF CONTROL. 

Thermal capacities of the products of combustion : 



Gas Mol. Vol. 

1 


1800** 


2000- 


2200» 


2400" 


N, \ 


9.073 

1.79 
.91 


129.0 

42.72 
24.65 


145.6 
49.70 


162.55 
57.07 


180.00 
64.77 


C6a. 


28.83 1 33.20 


37.82 










Total 




196.37 
a 


224.13 
b 


252.82 
c 


282.59 
d 



The intersections of the straight lines of which the equations are 
= 175.84, Q = 206.65 and Q = 256.04 with the curve charac- 
terized by the points a, 6, c, d give the required temperatures, 
namely 1640°, 1930°, 2220°. 

Combustion with 5% of unbumed ga^: 



Calorific power 
O^gen required. 
Nitrogen required, 
Volume of air 



175.84X.95- 167.1 Caloriea. 

1.79 X .95 - 1.7 

1.7 X 3.808 - 6.48 

8.18 



Composition of the products of combustion : 

CO2 .8966 X .95 + .009- 86 

HaO 1.792 X .95 - 1.703 



0^4 



6.48 + .0776 - 
.8966 X .05 - 



6.55 
.044 



Calories brought by air at 500° 



8.18 X 3.57 - 29.2 Calories. 

Latent heat of gas — 167 . 1 

Total 196.3 Calories. 



Calories brought by air at 1000° 



8.18 X 7.43 - 60.8 

Latent heat of gas 167. 1 



Total 227.9 



Thermal capacities of the products of combustion: 



Gas 



N2 

HoO 

CO2 

CH« 

Total. 



Mol. Vol. 


6.55 
1.70 
.86 
.044 






1800*' 



2000 *» 



2200*' 



2400" 



93.18 


105. 


117.3 


130. 


40.56 


47.2 


54.1 


61.4 


23.40 


27.38 


31.5 


35.9 


1.62 


1.91 


2.2 


2.6 



158.76 I 181.49 
a b 



205.1 



229.9 

d 
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In the usual manner, as shown in Fig. 10, we find the required 
temperatures of combustion to be as follows: 1875**, 2130'', 2385*^ C. 

Dissociation. 
Until recently the thermal capacities were known to 100® C» 
only; these values were applied by an impermissible interpolation 



/o/af A/aft if r-«f/ G^9* C»m6«f*/^^»^ 



/SO 




^=y/£y^\ 



/67S\ 



a^es 



/S^o*^ 



Fio. 10 



to the calculation of the temperatures of combustion, and, natu- 
rally, very much higher temperatures were obtained. 

In order to explain the discrepancy between theoretical figures 
and practice, physicists claimed that dissociation played an im- 
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portant r61e; that, by preventing the complete combination of the 
elements, the number of calories liberated was decreased, thus 
bringing the computed figures nearer the values obtained in prac- 
tice. On the authority of Mallard and Le Chatelier, the phenom- 
enon of dissociation, even at 2000®, is of little importance, as will 
be seen from the tables giving the results of their research.* 

Dissociation of Carbon Dioxide. 

TABLE 8. 

D188OCIAT10N OP Carbon Dioxide. 



Temperatures 
t - T - 273 



1000°. 
1600". 
2000". 
2600". 



Coefficients of Dissociation 



p — 1 Atmosphere P " A Atmosphere 



0.0006 
0.0008 
0.04 
0.10 



(J.OOl 
017 
0.08 
0.33 



L. Babu. " Traits de Metallurgie Gdn^rale." p. 220. 



eoad' 




/soa 



/oaa^O:. 



Fig. 11. — Curve of the Dissociation of Carbon Dioxide, CO,. 

> Berthdot was the first to rejeot the importance of dissociation in combustion phe- 
nomena. He contested the probable value of the coefficients of dissociation when com* 
puted from the temperatures of combustion and the specific heats of isases between 0* 
and 100* C. He asserted the law of increase of the specific heat of gases, a law which 
the work of Mallard and Le Chatelier made evident. 
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DissocicUion of Water Vapor, — ^The quantitative values of the 
factors of dissociation of water vapor have been determined by 
Le Chatelier. They are very close to those given for the dissocia- 
tion of carbon dioxide. 

It is, then, entirely permissible, both in our preceding calcula- 
tions and the theory of furnaces which is to follow, to overlook 
the dissociation factor — of which, however, account might be taken, 
since the products of combustion are formed of carbon dioxide 
and water vapor, and the industrial temperatures are lower than 
2000° C. 

Dissociation of Carbon Monoxide. — ^The dissociation of this gas 
represents remarkable peculiarities. Its decomposition into Carbon 
and Carbon Dioxide, according to the reaction 

2 CO = C + CO,, 

is a maximum and almost complete at 450° C, but decreases to 
almost nothing at 1000° C. 
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TABLE 9. 

D18BOCIATION OF Cakbon Monoxide. 



Temperatures 


Condensation 


Coefficients of Dis- 
sociation at 


of CO -C, 


COj - C, 


450* 


0.02 

0.05 

0.23 

0.58 

0.00 

0.066 

0.003 


2.08 

0.05 

0.77 

0.42 

0.10 

0.035 

0.007 


1.00 


500» 

WW* 

700» 

800». 

000* 

1000* 


0.07 

0.87 

0.50 

0.182 

0.067 

0.013 



L. Babu, '* Traits de Metalluxsie G^^rale/' p. 227. 

This phenomenon plays an important r61e in the running of gas- 
producers. It explains why it is impossible, especially at low tem- 
peratures, to obtain carbon monoxide free from carbon dioxide, 
which is the rule in lean industrial gases.^ It explains, also, the 
deposit of soot in the pipes and exits of producers. To it will be 
due, in our general study of furnaces, the most important source 
of variation between theory and practice. 

> Tliis has a veiy important bearing on the practical operation of gas-producers. — 
Trttn9kUor, 



CHAPTER II. 

Progress in Industrial Heating — Classification of thb 

Different Systems of Gas Furnaces — Their 

Origin and Development. 

The number of gas furnaces iii practical use today is so large 
that it is necessary to classify them before we can take up their 
general theory. We will take advantage of this to trace briefly 
the progress realized from the origin of gaseous fuel; or rather 
since the introduction of the method for the gasification of the fuel. 
It is this method that has transformed the problem, by opening the 
way to improvements not possible with direct fire furnaces. 

Origin and Rapid Development of Gas Furnaces. — Gas furnaces, 
which are most essential to modem industry, are of recent invention. 
Their origin dates back to the patents granted Frederick and 
William Siemens in 1856 and 1861. Doubtless, in the older in- 
dustries it is possible to find approaches to gas firing. In Wales, 
gas-producers were used from the time of coal mining. The me- 
tallurgists of that country used to carry a bed of coal of 60 to 80 
cm. on their grates, in order to lengthen the short anthracite 
flame, for heating their rather large reverberatory furnaces. 

Even the inversion, the basis of the Siemens regenerators, had 
been tried in the first hot-air motors. The idea of pre-heating the 
air necessary for combustion had been realized in some blast fur- 
naces and in Ponsard and Bicheroux furnaces. 

But all these scattered ideas gave only insignificant results, until 
Sir William Siemens (who united an admirable perseverance to 
his engineering genius) succeeded, after twenty years of study, 
in giving the problem of furnaces a solution so perfect that thirty 
years have added practically nothing to it, certainly no new 
principles. 

The original Siemens Furnace is too well known to require de- 
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scription. Let it suffice to recall that, designed for the fusion of 
steel on an open hearth, it included a reverberatory with a very 
low arch. Its chambers were four in number, allowing the pre- 
heating of the gas and partial heating of the air; the inversion was 
effected by means of valves; the gas-producers, located at a certain 
distance from the furnace, were connected with it by a sheet- 
iron flue shaped like an inverted siphon. The draught of the 
producer was induced by the inequality in the length of the ver- 
tical legs. 

This type of furnace was introduced first in metallurgical works; 
its progress was impeded for a time, between 1867 and 1871, by 




Fig. 13 — Siemens Gas-Producer with Siphon. 
(From D. K. Clark's "Fuel.") 



the appearance of the Bessemer process; thereafter it grew very 
rapidly. It was first tried successfully in 1867 in plate-glass 
works at St. Gobain. However, it was not adopted by the plate- 
glass industry until 1876y after the tank furnace had given good 
results. 

Today the gas furnace is in general use in metallurgy, in the 
glass, gas, and by-products coke industries; also, though rarely, 
in ceramics. It is the general tendency to introduce it in all in- 
dustries requiring high temperatures, consuming large quantities 
of coal. 
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Its success is partly due to the advantages inherent in gas firing, 
easy regulation of combustion, which can be made perfect with- 
out excess of air, the possibility of a long flame and therefore 
of large furnaces, and last, but not least, the use of fuel of infer- 
ior quality. Its success is largely due also to the original perfection 
of the furnace, and the fact that regeneration permits high tem- 
perature as well as economy. 

It is readily admitted, after reviewing the successive trans- 
formations which have made perfect the first solution and seeing all 
the parts of the primitive furnace, one after the other, improved, 
that one of the greatest merits of the gas furnace is, that it has 
made a distinction between the various functions required for 
industrial heating, and has applied to each of them an especial organ. 
The well defined function of each facilitated their regulation. 
This advantage of gas-fired furnaces has often been lost sight of. 

In the older methods of heating everything was confused; the 
old glass-pot furnace gives a striking example. It was formed of 
a hearth, containing the pots, placed above the fire-grate, without 
a stack; the draught was susceptible of regulation only by var- 
iation in the depth of the fuel on the grate. Under such con- 
ditions, firing was truly an art. Today, in a gas-fired furnace 
the grate, the hearth, the chimney, and the new organ, the recuper- 
ator, are distinct. Each may be controlled in a methodical way. 
Thus it is often possible, even in the absence of skilled workmen, 
to avoid accidents and to ascertain the cause of those that may take 
place. The art of the skilled fumaceman, often so difficult to ob- 
tain, has given way to the science of the engineer, the acquisition 
of which is always possible. 

The distinction made in the various furnace organs has had 
still further the advantage of opening wide the door to progress. 
While in the old industry the lines of furnaces were transmitted 
generally by tradition, without attempt at alteration, even in the 
least particular, for fear of disaster, today inventors have tried 
to improve each and all of the organs, and they have been able 
to do so with the utmost satisfaction. Thus, without any single 
great improvement, gas-fired furnaces have gradually become 
perfected. 
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These improvements will be reviewed in the case of each organ. 
Their enimieration is the only classification that can be imdertaken 
until a theory of combustion has been formulated which allows 
the only rational classification — that based on the heat utilization. 

Description and Functions of the Essential Parts of 
Gas Furnaces. 

A gas furnace has in general the following parts: 

(1) The gas'prodttcer, in which combustible gases are generated 
by the incomplete combustion of the fuel, by means of a first in- 
troduction of air — ^the primary air. This organ may have 
complete autonomy, its own draught apparatus (Siemens siphon, 
etc.), or it may form a close part of the furnace and depend upon 
its chimney. 

(2) The inversion vcdvea, which consist of butterfly or bell valves; 
their function is to direct to one side or the other the products 
of combustion and the gases required for the firing of the furnaces. 
These valves do not always exist — ^for example, in furnaces where 
the heat of the products of combustion is recuperated by means of 
the counter parallel current system; when they do exist (as in the 
Siemens furnace), they are the exact division line between the re- 
generative chambers and the chimney on the one hand, and the 
recuperative chambers and the gas-producer on the other. This 
exact limitation of the chambers and ef the gas-producer, which 
we give as a definition, appears the most rational, both from the 
theoretical point of view and for the practical control of the fur- 
naces. In the study of a furnace, the gas-producer should not be 
limited to the space where the fuel is gasified, but should be made 
to include also all pipes and flues, whatever their length, leading 
to the entrance of the chambers. The gas-producer is made re- 
sponsible up to the moment that it delivers the gas to the recuper- 
ative chambers. It is with this extended but well defined meaning 
that the word "gas-producer" is to be understood here. 

(3) Th£ chambers of recuperationy whose function it is to utilize 
or to bring back, so to speak, to the furnace those calories which 
otherwise would be carried away by the products of combustion. 
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The chambers begm at the distributing valve, where the producer 
ends, and terminate exactly at the entrance to the furnace, by the 
ports where the combustion begins; they include, therefore, the 
ports of the gas and of the air. 

(4) The laboratory or furnace proper or hearth^ where the in- 
dustrial operation is effected, and where the combustion of the 
fuel is completed by a new influx of air — ^the secondary air. 
The laboratory is limited by the ports of admission and of escape. 

(5) The chimneyj or the draught apparatus taking its place, 
for the purpose of discharging into the atmosphere the products 
of combustion, and of insuring at the same time the circulation 
of the various gas currents, either simply from the hearth to the 
stack or onward from the gas-producer. The stack begitis where 
the chambers end, that is, at the distributing valves. The chimney 
is completed, as far as the draught is concerned, by a certain num- 
ber of dampers, or their equivalent, at the various flues of ad- 
mission or exit. 

These regulating devices, which are distributed throughout 
the various parts of the furnace, are of the greatest importance, 
and in general, the greater their number, the more easily will 
the furnace be controlled. In order to show their usefulness, we 
will classify the various currents of gases which circulate in a com- 
plete gas furnace. 

(a) In the gas-producer a certain quantity of air is admitted — 
the primary air, which must be regulated by means of a dam- 
per or an injector. 

(b) In its journey through the producer the primary air gas- 
ifies the fuel, transforming it into a mixture of CO, CO 2, CH 4, H ,, 
HjO, etc.; this is the producer-gas. 

(c) At the entrance to the hearth the gas meets a new afflux 
of air, the secondary air. 

(d) The products of combustion are divided into two parts, 
one going to the gas recuperators, the other to the air-chamber. 
It is of prime importance to regulate this division, since it has a 
most important bearing on the ruling temperature of the hearth. 

(c) Finally, the two currents of the waste products meet at the 
base of the stack, to be consigned to the atmosphere. It is also 




Fro, M. — ^Taylor Gas-Producei^ >mth Mechanical Keed. 
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useful to be able to regulate the draught of the stack, since the 
pressure in the hearth is a function of the chimney draught. 

The importance of the multiplicity of dampers is easily seen 
from the foregoing. The first Siemens furnace had only two or 
three, while the more recent furnaces have not less than four — 
two at the admission, and two at the exit. 

Modifications and Improvements Effected in 
Gas Furnaces. 

(1) GaS'ProdiLcers, — ^The question of gas-producers has been 
the most studied. The Siemens inclined grate has given place 
almost everywhere to producers with horizontal grate, or even 
without a grate at all. The inclined grate had the advantages 
of distributing the coal along a talus parallel to the face of the 
producer and of facilitating its equal distribution in a deep bed, 
of closing up at each feeding the blow-holes that the combustion 
had produced, and of requiring less skilled labor. Such, at least, 
was the idea advanced by its inventor. 

The horizontal grate, on which is placed a bed of 80 to 120 
cm. or more of fuel, requires the close attention of the workman; he 
must also distribute the coal evenly at each feeding, as well as break 
up any blow-holes formed. It has, however, a much higher ef- 
ficiency than the inclined-grate type. 

Let us here also note the trials of grateless producers. This type 
is very interesting, since it allows the thorough pre-heating of. the 
primary air — the last desideratum of the furnace problem. The 
St. Chamond steel works operate gas-producers without any grate 
in which the coal places itself along its angle of repose; but they 
do not seem to be preferred to producers provided with grates. 

The best form of the grateless producer is the Taylor, with 
its rotating hearth. Here, however, the injected steam and air 
cannot be pre-heated, or have not been pre-heated, above 400°. 

Lastly may be mentioned the Ebelmen fusion producer, in 
which the ashes are fluxed and fused. This idea, though very 
attractive, has been practically applied to no large extent. 

It is chiefly in perfecting methods of gasification that inventors 
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have tried to obtain a gas richer than the Siemens gas. It may be 
said in general that the Siemens gas carries 5% or more of carbon 
dioxide, a rather high proportion, which lowers greatly the calorific 
power of the gas, due partly to the dissociation of carbon monoxide 




Fig. 15. — Morgan Gas-Producer, with Mechanicwl Feed. 



(see page 36). This appears difficult to overcome; nevertheless, 
many inventors have attempted it. 

The Siemens gas, generated by means of the atmospheric air, 
carries a weight of nitrogen which is harmful in all combustion 
reactions. Many have tried to eliminate this nitrogen by gas- 
ifying the fuel with a gas other than the air; for instance, by steam 
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or even carbon dioxide, which reacts at a red heat on the carbon 
according to the well-known reactions 

COj + C = 2C0 
H20 + C = C0 H-H, 

It will be seen further on that the industrial production of pure 
water gas, in practical and simple apparatus, is not possible, ' 




^^s^s^<^^vK^^WWH^^*^?^^v ypg3^ 



FiQ. 16. — Ebelmbn Gas-Producbr. 

(From A. H. Sexton's "Fuel.") 



1 Great progress has been made in the last few years in the manufacture of water gas. 
through the introduction of the Dellwick process and apparatus (Fig. 19). In the old 
process, air is blown through the fuel bed, as in the usual producer, until the fuel reaches 
a bright red heat, the coal bein^; oxidized to CO, and producer-gaa formed. At this point, 
the air is shut off and steam injected. Water gas is generatea at the expense of the sen- 
nble heat of the fuel. When the lowest temperature limit is reached the steam is shut 
off and air admitted, the cycle of operations being rep>eated. In the first period, only 29.4 
calories are liberated per molecule of carbon gasified to CO, and in the second 28.8 calories 
are absorbed. It follows that the times olthe two periods must practically be equal, 
usually 10 minutes. Dellwick devised to oxidize the coal not to carbon monoxide, but 
at once to carbon dioxide, the heat liberated, in this case, being 97.6 calories per molecule 
of carbon. -The calories are then as W. 9 or about 3.5 to 1. In practice^ the air is injected 
for If minutes and the steam for 8 to 10 minutes, a great difference in time. The ap- 
paratus is also much simplified, the gas on the air phase being allowed to escape to the 
stack; one ns-holder is then sufficient. The thermic efficiency is also much improved. 
The combustion of the coal to CO 2 is obtained by means of the injection of air under high 
pressure — ^300 mm. or more of water. — Tranalator. 
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and that the so-called regeneration of the carbon dioxide of the 
products of combustion, according to the ideas of Biedermann, 
Harvey, and many others, is alwa3rs unnecessary and often harm- 
ful. Nevertheless, furnaces have been constructed and are operated 
on these principles, and they will be described further on. 

TABLE 10. 

Analysis or Various Industrial Gases. 
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1, 2. 3, 8, 17. 18. 21, 30 . A. L. Queneau. 

4. 6. 9. 12. 13. 19. 22. 23. 24. 25. 28. W. L. Case. J. S. C. I.. June 15. 1906. 

6, Dowson. The Enaineerina and Mininn Joumcd, XXXIX, piage 418. 

7. fIsher-Gautier, '^Essai oes Combiutibles"; gas from a Kl6nne Gas-Producer blown 
with air and steam. 

10. 11. C. Vigreux and L. BardoUe, "Le Gas Rich^, ses Applications Industiielles." 

If the pure water gas is not practical, the mixed gas — ^a mixture of 
Siemens and of water gas — ^is widely used, and has, in some S3rstems 
of recuperation, some very real advantages. 

The mixed gas is obtained either by blowing steam in the pro- 
ducer provided with a closed ash-pit, or by keeping the ash-pit 
filled with water. In the latter case, the fall of the clinkers and 
the radiated heat are sufficient to produce a large vaporization, 
giving as high as 12% of hydrogen in the producer-gas. Of all 
systems of gasification, the one of the mixed gas is by far the most 
used. 

A recent improvement made in the construction of gas-pro- 
ducers is the bettering of the draught. When steam is injected 
by means of a Koerting steam injector, this apparatus furnishes 
at the same time the required air. Thus, the Siemens siphon 
may be dispensed with. This doing away with the siphon takes 
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place even now in the case of producers provided with natural 
draught. For this purpose it is sufficient to place the producer 
at a lower level than the furnace, in such a way that its grate 
will be at a certain distance below the level of the ports. The 
rising column of hot gases acts as a chimney. This is an important 

TABLE 10. (Concliuled.) 

Analysis of Various Industrial Gabks. 
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14, 15, Fiaher-Gautier, /oc. cU.. is from a Klonne Gas-Producer blown with air alone. 

18, Shabel-Gautier. "Traits de Mdtallurgie G^n^rale." 

20, Leybold, Journal fur Oas Beleuchtungz, 1898. page 1£28. 

26, Journal Oat Lighting, page 90. 1905. 

27, Fisher-Gautier. loc. cit. 

29. Lurman, Stahl und Eiaen, page 246. 1898. 

advantage, especially in the case of glass furnaces where, on ac- 
count of the constant opening of the working doors, the chimney 
has no efifect on the producer. 

It is seen that we have to discuss furnaces fired with three different 
gases — Siemens gas, mixed gas, and gas produced by the so-called 
regeneration of the carbon dioxide of the products of combustion. 

(2) Regenerators or Recuperators. — ^The least progress has been 
made in the question of heat recuperation. Two systems are 
still in practice — the Siemens recuperator with inversion, and 
recuperation without inversion, by parallel counter currents. 

In the first system, the heat of the products of combustion is 
accumulated in a network of firebricks, through which the waste 
products are made to circulate. These bricks will give back their ac- 
cumulated heat to the cold air and gas, which will flow through them 
in a reverse direction at the succeeding inversion. In the second 
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S3rstem the cold air travels always through the same passages with- 
out interruption; it receives by transmission through the walls of 
the passages the heat of the waste products which are passing in 
a parallel and opposite direction, surrounding at the same time 
the air-ducts. 

For furnaces in which the ruling temperature is not higher 
than 1000° it may be possible to use cast-iron recuperators, and 




Fig. 17. New Siemens Furnace, with Horseshoe Hearth and Injec- 
tion OP Some Waste Products Under the Gas-Producer Grate. 
Two Recuperative Chambers. Section A, B, C, D. 
(From F. Toldt, "Regenerfttiv Gas-ofen.") 
Over each chamber is placed, at I. a Koerting steam injector, by means of 
which it is possible to inject under the ash-pit either hot air (primary air) from 
the recuperator, or hot wast€ products, or a mixture of both. A tnird steam 
injector server to inject cold primary air directly from the atmosphere 
under the ash-pit. 

for such cases the second system (parallel counter current) is to be 
preferred, on account of its simplicity and the lack of reversing 
valve. For higher temperatures its use is not to be recommended/ 
The Siemens recuperative system has not been changed in 
its fundamental principles, though in its many applications its 



»Thi8 question is treated more fully later in the book. 
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proportions have been greatly modified; thus, the gas chambers 
have been reduced to one-half of their original volume, and the 
latest tendency is to dispense with them altogether. From the 
point of view afforded by theoretical study, the method of recu- 
peration is less important than the way in which it is applied. 



r^^^^ 




Fig. 17a. — Section E F. 



Fio. 17^.— Section G H. 



Four different ways present themselves: 

(a) Pre-heating of the secondary air alone. 

(6) Pre-heating of the secondary air and of the gas. 

(c) Pre-heating of the total air — ^primary and secondary. 

(d) Pre-heating of the secondary air, primary air and gas. 

(3) Furnace proper, or Hearth, — ^The form of gas-fired reverber- 
atory furnaces has undergone two important modifications — 
first, as regards the roof, it being made very high (in some new 
radiation furnaces there are 250 cm. between roof and the hearth) ; 
and next, as to the disposition of the ports, in the so-called horse- 
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shoe furnace. The radiation recommended by Frederick Siemens 
has given excellent results in glass furnaces, where the temperature is 
much lower than in steel furnaces, and where it is necessary to 
keep the flame away from the surface of the melted glass. The 
inventor, however, was mistaken in trying to make of his dis- 
covery a general theory to be applied indiscriminately to all furnaces, 
without taking into account the material to be heated. Furnaces 
with very high roofs have given but poor results in metallurgy. 




Fig. 17c. — Section J K. 



Fig. 17^.— Section O P. 



In the horseshoe furnace (Fig. 17) the flame, instead of traversing 
the hearth from end to end along its longer axis, enters on one side 
parallel to its plane of symmetry, then doubles, escaping by a port 
placed by the side of the port of entrance. The furnace thus gives 
free approaches to three sides, often a great advantage. 

This system has also been applied to gas furnaces. How- 
ever, the furnace appears to be more difficult to operate, as the 
more distant parts of the furnace are exposed to undue cooling.' 
This style of furnace may meet with favor, but in general, for double 



PROGRESS IN INDUSTRIAL HEATING. 



51 



recuperation, we believe it to be better to use the older style of 
hearth with the flanies crossing from end to end. 

Such are the main transformations that the Siemens furnaces 
and gas firing have undergone. From the point of view of the 











Fig \7d. — Section L M. 



general theory, which is taken up in the succeeding chapters, 
weTmust remember that the four methods of heat regeneration 
may be applied to the following three different producer-gases: 




III: 
Fio. 17/. 






(a) Siemens gaSy mixture of carbon monoxide and nitrogen. 

(6) Mixed gas, mixture of carbon monoxide, hydrogen and 
nitrogen. 

(c) The so-called regenerated jyroducts of combustion^ of about 
the same chemical composition as the mixed gas. There would thus 
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be twelve cases, if, as will be seen later, one case was not impossible/ 
There will be eleven cases to be examined, and it will be seen 
that all of them have received either full or partial application. 

To illustrate the modifications of the original Siemens furnace 
we may give as a type the New Siemens furnace, which unites a 
majority of the improvements. This furnace is fired with mixed 
gas, the producer being blown with steam; it has double regen- 
eration — that of the total air, primary and secondary, with a 
single pair of recuperative chambers, without siphon; the producer 
is built right against the furnace, and the hearth is horseshoe in 
shape. 

We do not wish to say that this furnace is the best; stiU less do 
we desire to defend the so-called regeneration of the carbon dioxide 
contained in the combustion products, because theory will give us 
its exact value; but from the above enumeration it is easy to see 
that this new furnace has many of the aforementioned modifications 
which, applied individually, have given good results. 

1 The case of the triple recuperation with the Siemens Ran. 



CHAPTER III. 

Purpose of tiie Theory of Recuperation^ — Fundamental 

Equations of Heat Utiuzation — Data, Hypotheses, 

AND General Principles. 

Influence of the Temperature on the Heat Utilization in a Fur-- 
nace. — ^The study of the progress made in industrial heating, which 
was considered in the preceding chapter, led us to a classifica.ion 
of eleven systems of gas-fired furnaces — furnaces with single, 
double (itself subdivided into two classes), and triple recuper- 
ation. The furnaces may be fired with Siemens gas, mixed gaa, 
and gas resulting from blowing the producer with air, steam and 
products of combustion. Direct firing should. also be included; 
though rarely used for high temperatures, it is common for mod- 
erate ones, but is used almost wholly for low temperatures, as, for 
instance, boilers. This forms a twelfth case to be treated. 

This classification may appear quite complex when applied 
to forms of apparatus which, with the exception of direct-fired 
furnaces, are called indiscriminately gas furnaces, but which are 
often in reality Siemens furnaces. This is, however, almost the 
exact state of industrial conditions, from which will be taken 
some ten cases as illustrations of the different classes. 

The multiplicity of expedients, tried and remaining in use, for 
solving a problem apparently capable of a single solution is 
partly due to the present difficulty in establishing the relative 
value of the various systems. It is also due to the high cost of 
construction of gas furnaces and to the difficulties attending their 
successful introduction. Hence, the hesitation exhibited by 
managers of works in substituting a perfected and more eco- 
nomical furnace in place of an older type in good working condition. 

1 Throughout thU treatise we will take the word "recuperation" in its general sense, 
without discriminating between Siemens and [parallel counter-current recuperation, 
unless otherwise specined. — Translator. 
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It is not uncommon to see in works several types of furnaces in 
operation. 

The problem is complex and permits of several solutions ac- 
cording to the nature of the work to be accomplished, the length 
of the operation, the temperature, the condition of the draught, the 
nature of the fuel, its cost) etc. The general theory, which we 
will present, may be used as a guide, though its requisites may be 
overruled by economical considerations. All disturbing factors 
cannot be touched upon here. ^ There is one, however, more 
important than any other, which cannot be omitted in a theory 
of heat recuperation; it is the ruling temperature of the hearth. 

The ruling temperature is that temperature best suited to the 
operation to be performed in the hearth. In a general theory this 
temperature is arbitrary, as the same type of furnace may be used 
in various industries and at widely different temperatures. In 
actual practice, however, this ruling temperature is selected to give 
the best results. It should not vary in continuous furnaces, and 
if it is subjected to fluctuations in intermittent work (as puddling 
furnaces, zinc furnaces, etc.), it should be regulated entirely with 
regard to the work to be done. It is in any case a condition to be 
established first in the experimental study of a furnace. 

The ruling temperature has a considerable influence on heat 
utilization. It is evident that the waste products escaping from 
a furnace at, say, 1500° carry away, for a given weight of consumed 
fuel, more calories than when leaving at 300®, as in the case of 
boilers. Recuperation applied to these two cases will doubtless 
recover the calories, but only in part, allowing the remainder to 
escape to the stack. The absolute value of the latter will be the 
greater the higher the original number of calories in the waste 
gases, that is, the higher their original temperature. It follows 
that the lost heat and, by difference, the utilized heat, are func- 
tions of the temperature. It is also clear without any calculations 
that the law of efficiency, for furnaces operated under similar con- 
ditions, is a continuous function of the temperature, so that it 
would be possible to plot for each of the twelve furnaces its curve 

1 In order to make more interesting a theory rendered rather long by the complexity 
of the industrial cases, we will endeavor, when the discxission leads to it, to derive prac- 
tical conclusions from figures, and thereby to elucidate a number of these particular cases 
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of heat utUization, the examination of which, at any temperature, 
would pennit us to judge the relative value of each of them at a 
given temperature. 

In order to avoid undue complexity, we have deemed it ad- 
visable to select two fixed temperatures — 1000® and 1500®. The 
first corresponds to the temperatures of coke ovens, which may 
be taken as the type of industry using medium temperatures; the 
second is lower than the ruling temperatures of steel furnaces, 
while it is higher than that of the glass, ceramic and zinc indus- 
tries. It will be easy by interpolation or extrapolation to find 
the efficiency at any other temperature. Thus limited, our general 
theory has a threefold object: 

(1) To study the utilization of heat in the twelve systems in 
order to classify them at the two temperatures of 1000® and 1500®. 

(2) To show the influence of the temperature on the efficiency, 
by comparing the heat utilization of the different systems, at 
the arbitrarily selected temperatures. 

(3) To indicate the method of calculation which permits of 
ascertaining, for any given temperature, the comparative efficiency 
of the various furnaces, and to make the best selection. 

Definitions: Heat Utilized, Heat Lost, Efficiency^ Equation of 
the Utilization of Heat, — ^We must still define closely the meaning 
of "efficiency," "heat lost," and "heat utilized," and justify these 
definitions just as we were obliged to in the case of the various parts 
of the furnaces, and to justify the precise limits given them. 

We understand, by "heat utilized" in a furnace, the whole 
of the heat consumed in the hearth, either in the performance 
of the industrial work, by exterior radiation (often necessary to 
preserve the brickwork), or heat completely lost by conductivity 
or any other cause. So defined, the utilized heat is exactly the 
difference between the total heat (sensible or latent) brought into 
the hearth by the secondary air and gas and the total heat carried 
away by the waste products. 

By "heat lost" we understand all heat spent outside the hearth; 
that is, liberated into the atmosphere by the waste products, 
radiated or conducted by all organs other than the hearth (by 
the producer, the chambers, the flues, etc.), or consumed in the 
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vaporization of the water in the ash-pit, or used in producing the 
draught, etc. 

Under these conditions it is evident that the sum of the lost 
heat and of the utilized heat represents the total heat absorbed 
in the furnace; that is, the total heat liberated by the fuel, or, in 
other words, its calorific power. 

Our definition is then expressed in the equation: 

Q = P + U 
in which ■.., 

Q = The calorific power of the fuel. 
U = utilized heat; that is, heat consumed in the hearth. 
P = Lost heat; that is, heat carried away to the stack or 
lost by all parts other than the hearth. 

Finally, by recuperative efficiency we understand the ratio •§ 
of the heat spent in the hearth to the calorific power of the fuel. 

These definitions give to heat utilized and heat lost a more 
comprehensive meaning than their usual one. Generally the 
only lost heat considered is that carried away by the waste pro- 
ducts. By utilized heat is understood the heat necessary to the 
chemical reaction or to the physical operation to be effected — 
melting of the glass, or reheating of the ingots. 

Our definitions are justified by the purpose of our study, which 
is recuperation. The object of recuperation being to collect all 
the heat not made use of in the hearth, the recuperative organs 
are responsible for the heat which is turned over to them, and they 
should restore it as completely as possible. If the restitution is 
done imperfectly, it does not matter whether the losses are to 
be charged to the liberation of the waste products into the at- 
mosphere, or to the chambers of recuperation, or even to the radi- 
ation of the producer flues, for all these organs are agents of re- 
cuperation. * The total loss alone is of interest in determining 
the efficiency of a furnace. 

^ This remark has a practical interest; it often happens that the system of recuperation 
is estimated by the temperature of the stack. This datum is of minor importance, how- 
ever, for the waste products might have lost a large quantity of heat by radiation, or by 
becoming mixed with cold air, without any advantage resulting to the hearth. 
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That which Ledebur calls "the useful efifect," and which is the 
heat really utilized, is not, in a theory of industrial heating, of 
as great an interest as it might appear. In most cases, the masses 
to be heated (crucibles, retorts, muffles, furnace walls, etc.) have 
a specific heat much higher than the specific heats and the heats 
of reaction of the bodies imder treatment. Often the heat of 
reaction is but a small fraction of the heat consumed in the hearth. 
It happens even, as aii extreme case, that an exothermic reaction 
can take place only at a high temperature, so that in reality the 
heat utilized is nil, however perfect the furnace. In such a case, 
the calculation of the absolute efficiency or useful effect would 
be without any interest. 

Furthermore, the recuperation we are studying does not take 
into accoimt the manner in which the calories are spent and dis- 
tributed in the hearth; it concerns itself only with the calories 
escaping from the hearth, and which it should bring back 
there. 

To justify further our definitions, let us notice that, in the com- 
parative study of the different types of furnaces, it is our perfect 
right to suppose that the hearth conditions are the same for all. 
The ruling temperature being invariable, it follows that the ratio 
between the utilized heat and the useful effect is invariable, and 
that, knowing one of the terms, the other may be ascertained. 
The calculation of the recuperative efficiency S will give, therefore, 
the measure of the relative value of the furnace, considered from 
the point of view of the utilization of heat as well as of the useful 
effect. 

Evidently all the preceding definitions apply as well to experi- 
mental tests of furnaces as to the theoretical determinations. In 
the case of experimental tests, the idea of the utilized heat is of 
great importance, since it can be reckoned by means of temper- 
atures and of gas analyses; while, in general, the heat used for 
the industrial operation — ^the useful effect — can be computed 
only by the help of the specific heats and of the heats of reaction of 
the bodies present. 

Fundamental Principles of the Utilization of Heat in 
Furnaces. — ^The study of the utilization of heat in furnaces is 



58 INDUSTRIAL FURNACES AND METHODS OF CONTROL. 

controlled by a few fundamental principles so evident that it would 
be superfluous to recall them if some of their most immediate 
deductions had not been either misunderstood or forgotten. It 
is only by keeping in mind these self-evident truths, comparable 
to the principles of thermo-dynamics, that the errors of calcula- 
tions or of reasoning, so easily made, will be avoided in the question 
of the exchange of calories, sensible or latent, and of recuperation 
in which the available heat is several times transformed. 

(A) PrincipUs Relating to Combustion and to the Total Available 
Heat, — (1) In a gas furnace the source of heat is the fuel burned 
on the grate. All the reactions of combustion, whatever modi- 
fications are wrought by recuperation in order to retain the cal- 
ories, or by the steam, carbon dioxide, etc., in order to enrich the 
gas, are always reduced to this single resultant: A liberation of 
calories equal to the number of calories set free by the fuel com- 
bining with cold oxygen, borrowed from the atmosphere.* 

This heat of combustion, which is easily ascertained by con- 
sulting tables of the calorific power of chemical compounds or 
elements, or by experiment in the case of coals, etc., is then the 
invariable term of comparison for all exchanges of calories, for 
all heats — ^lost, recuperated or utilized in the furnace. 

(2) Burned or oxidized gases, as water or carbon dioxide, can 
never furnish any calories. If by any reactions they are broken 
up in a portion of the furnace, in order to obtain either carbon 
monoxide, hydrogen or oxygen, this reaction absorbs heat and 
cools the gas and the furnace at that point. The later combi- 
nation of the gases set free has only the eflfect to restore to another 
part of the furnace an equal quantity of heat, without the total heat 
liberated by the fuel and made available being in any way modi- 
fied. In this case there is transport of heat from one point to 
another, without any gain in calories. 

(3) The only gas supporting combustion in a furnace is tlie 
atmospheric air. If steam or carbon dioxide used in a furnace 

1 This ia understood evidently of a self-contained gas-prodticer. If the necessary steam 
is vaporised in an independent boiler, or if the air necessary to the combustion is pre- 
heated in an independent furnace, there will be a further contribution of calories. If, 
on the contrary, tne water is introduced as liquid in the ash-pit of the producer, and is 
liberated with the waste products in the atmosphere as steam, there will be from this fact 
an additional expenditure of calories for the vaporisation, to be subtracted from the avail- 
able heat. 
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is decomposed in one portion of the furnace, liberating oxygen, 
they recombine in another part without having given up any oxygen 
to the carbon or combustible gases from the fuel. 

Axiam: The total quantity of air necessary for the fuel com- 
Imstion, escaping through (he stack as water vapor, carbon dioxide 
and nitrogen^ is abjoays the same for a given weight of the burned fad. 

Two consequences of this principle have not been recognized 
by several inventors. The first one is that in the products of 
combustion the ratio of the volume of carbon dioxide to that of 
nitrogen is always the same for a given fuel, whatever the method 
of gasification, whether the producer is blown with air alone, air 
and steam, or air, steam and carbon dioxide from the waste pro- 
ducts. People have erroneously sought to decrease this ratio 
by blowing steam into the producer. This course is wrong.* 

The second fact not recognized is that the mass of the products 
of combustion sent through the stack cannot be decreased for a 
given weight of the fuel. 

In the New Siemens furnace, in sending to the gas-producer part 
of the waste products, the idea may arise that some of the waste 
products with their calories have been diverted from the stack. 
This reasoning, which may give a wrong impression of the value of 
the New Siemens furnace, is also inaccurate. * 

* The theoretical water gas CO + H 2 does not carry, it ia true, any nitrogen as the 
Siemens gas, CO + 2N 2, but the combustion of the two gases gives CO2 + 4N2 + H2O 
and in the other CO2 + 4 N 2. and the waste products have in Doth cases the same ratio 
of CO a to N 2t therefore the quantity of air gomg through the furnace is the same in both 



* We believe it useful to refute this error, in regard to the New Siemens furnace, by 
explaining the circulation of the various gas currents in that furnace. Upon leaving 
the hearth the waste products are effectively divided into two parts; let us suppose that 
the two parts are equal, which case is the most favorable to the system. This allows 
the gaaifieation of the fuel without any primary ur being required (see page 116). A mass 
of products of combustion expressed by the formula CO 2 + 4 N 2 goes to the stack, while 
an equal mass goes to the gas producer. Upon contact with the incandescent carbon 
the following reaction takes place: 

CO2 + 4N2 4-C - 2 CO 4- 4N2. 
In order to bum this gas, which has the same amount of nitrogen as the ordinary Siemens 
gas, a mass of air O 2 + 4 N 2 is required. After combustion we have 
2CO + 4N2 + O2 + 4N2 - 2C0a + 8N2, 
or a quantity exactly double that sent to the stack or to the producer, and also double 
that resulting from the combustion of the fuel with air. The mass of the products of 
combustion passing through the furnace is then double that of an ordinary Siemens furnace. 
It is possible to see that there are two gas currents — one acting as in the ordinary furnace, 

Soing from the producer to the stack ; the other traveling in a closed circuit, from the pro- 
ucer to the hearth and from the hearth to the producer, without any modification in the 
heat-balance sheet, once the working is established (and without any very evident ad 
vantage). 
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(B) Steam and other Auxiliaries in Gas-Producers. — Since the use 
of steam does not modify the total available heat, nor the total 
necessary air for combustion, nor the proportion of nitrogen cir- 




Fio.IS.-Wateji-sealed Tayloh Gas-ProduceRjWith Bud Automatic Feed. 
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culating through the hearth, the function fulfilled by steam, the 
usefulness of which is well established and approved by general 
practice, should be given with precision. It is closely related to 
recuperation. 

In a producer blown with steam, the reactions giving rise to 
gas are the following: 



C + H,0 



C + O = CO + 29.4 Calories 
CO + H 2 + 29.4 - 58.2 Calories = CO + H 2-28.8 Cal. 




Fio. 19. — Dellwick-Fleisher Water-gas Producer. 



The first equation is exothermic, and tends to bring the producer 
to 1300° C; the second is endothermic, and would tend to ex- 
tinguish the producer if the steam were not regulated, so that 
the temperature is not brought below 600°, the lowest temperature 
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limit of the ignition of carbon. The first effect of steam is the 
lowering of the temperature of the gas in the producer. To this 
lowered sensible heat there corresponds an increased latent heat 
in the gas. 

These results are of importance, but the resulting advantages 
vary greatly, according to the different cases. When the gas is 
burned in the hearth as it leaves the producer, the increase in 




Fig. 20. — Swindell Gas-Producer with Double Face. Vertical Sec- 
tions ON Lines at Right Angles with Each Other. 

(From Incalls' "Metallurgy of Zinc." p. 316.) 



latent calories is purely fictitious, since in the hearth the latent 
heat and the sensible heat are equivalent. 

On the contrar\', when the gas is burned only after-having suffered 
a change in its temperature, either becoming cool as in furnaces 
using cold gas, or becoming heated as is the case when the gas is 
recuperated, the increase in the latent heat is then very useful. 

In furnaces provided with double recuperation the two effects 
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supplement each other. The lowering of the temperature allows 
better recuperation, and owing to the use made of calories, other- 
wise lost, the injection of steam gives a very real gain of calories, 
and therefore increases the efficiency. 

A final result of the use of steam is the modification it brings 
in the ratio of the primary air to the secondary air. It is well 
known that, in gas-fired furnaces, the combustion of the fuel takes 
place in two steps, partly in the producer by the injection of air 
mixed with steam, and partly in the hearth by the admittance of 
the secondary air. In most furnaces the primary air is not re- 
cuperated, as the question of the preservation of the grate when 
using hot blast is yet unsolved; the secondary air, however, is 
always recuperated. 

The decrease in the amount of the primary air has as a result 
a corresponding increase of the secondary air, and thereby allows 
a further saving of calories and in most instances affords a greater 
efficiency. 

It will be seen, then, that steam acts as an auxiliary of recuper- 
ation. Doubtless in some instances it will react on the tempera- 
ture of the hearth, but only in the same way as the recuperation 
itself, tending to raise the temperature of combustion. Its power 
to increase the latent calories in the gas is of importance only 
when the gas is used cold; this case, however, does not enter into 
our study. ^ 

Other gases than steam can be used as auxiliaries of the fuel 
gasification. Thus carbon dioxide acts precisely in the same 
manner: 

C + CO, = 2 CO + 29.4 Cal. - 68.2 = 2 CO - 38.8 Calories. 

The breaking up of carbon dioxide in the producer absorbs heat 
and lowers the temperature of the gas; its use decreases the amount. 

1 When producer-eas or lean gas is used for explosion gas engines, the increase of the 
latent heat is the most beneficial: for such purpose the Buire-Lencauches producers blown 
with steam are much used. Remark: A turtner advantage of the use of steam, foreign 
to recuperation, is the help it gives in the operation of gas-producers, whenever the fuel 
used has a fusible ash. By lowering the temperature of tne producer it not only prevents, 
to a large extent, the formation of clinkers, but also disintegrates the clinkers formed. 
The decrease in the amount of clinkers will result in a cleaner ash, the carbon contents 
being lower. — Tranalator. 
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Fio. 21. — Duff Gas-Producer. 

Cuts, from top, left: Section A B. Section C D. Elevation. 
Top view of grate and brick bearers. Plan. 

(From Ingalls' "Metallurgy of Zinc." p. 306.) 



Section E F. 
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of the primary air and increases that of the secondary. If the 
carbon dioxide is borrowed from the waste products, it has been 
seen that the volume of the gases traveling through the hearth is 
doubled. If the carbon dioxide is borrowed from other sources, 
as inventors have proposed doing, it would act exactly as the 
steam, with the additional advantage of not possessing any latent 
heat of vaporization. It would be more efficient, theoretically 
speaking, if it could be obtained in the gaseous state without any 
cost. 

Among other bodies acting in the gas-producer in the same man- 
ner as carbon dioxide and steam may be cited heavy oils, tars, 
asphaltmn, and even the hydrocarbons of the coal. We find in 
this the partial explanation of the better efficiency of some coals 
when used in the producers. When these bodies are thrown into 
the producer, they are volatilized and highly heated at the ex- 
penditure of the sensible heat of the producer. Therefore, they 
cool the gas and prepare it for a good recuperation; and, further, 
their gasification does not acquire any primary air. 

The use of tar in the producers of some steel works, in order to 
increase the efficiency of the recuperation and thereby the tem- 
perature of the hearth, is strictly in line with the above deduction. * 
It indicates also the advantage which would follow the use of 
petroleum, hydrocarbons, natural gas,' etc., in the Siemens 
furnace. 

(C) Fundamental Principles of Recuperation, — ^The utilization of 
the calories carried away by the waste products as they leave the 
hearth at a high temperature necessitates the use of solid bodies, 
in order to avoid the mixing of the reacting gases. These solid 
bodies are either networks of refractory bricks, or ducts of metal 
or refractory materials. In the first case they accumulate the cal- 
ories for a certain period of time, and during the succeeding period 
transfer them to the gases to be recuperated; in the second case 
they are permeable to heat to a greater or lesser degree, allowing 

^ Another oontributinc cauae in thia case is that the heavy hydrocarbons generated 
by the use of tar in the producer bum with a very luminous flame. It is well known that 
the luminosity of a flame has a very useful effect in the furnace hearth, by increasing the 
radiation. — TrarukUor. 

> Natural gas cannot be efficiently pre-heated on account of the heavy deposit of soot 
in the brick network, resulting from the breaking up of the hydrocarbons. — Tranalator. 
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the transfer of the calories from the hot gases to the cold ones (air 
or producer-gas). In both cases they act only as heat-carriers; 
therefore it is permissible, in a theoretical study, to consider only 
the reacting gas masses, one mass losing its calories, the other 
gaining them. Under such conditions, two self-evident laws 
govern this exchange. Both are derived from the fact that an 
exchange of calories can take place only from a hot body to a cooler 
one. 

(1) In order that the total recuperation of the calories held in 
the products of combustion be possible, it is necessary that the 
gases that are to absorb the calories be at the temperature of the 
outside air into which the products of combustion are discharged. 
This condition is fulfilled only by the air, as the producer-gases 
are always at a higher temperature than the atmosphere. It fol- 
lows that, in a furnace with double recuperation, secondary air 
and gas, the total recuperation is always impossible, because a 
part of the waste products cannot give up all the calories 
it holds. 

(2) In order that the exchange of calories between two gaseous 
masses be perfect (that is, that after recuperation the final tem- 
perature of one mass be equal to the initial temperature of the 
other), it is necessary that the total thermal capacities of the 
masses present be equal between the temperatures under consider- 
ation. If the specific heats are unequal — or, what is more fre- 
quently the case, if the masses are imequal — the hot gas which is 
to give up its calories wiU escape at a temperature different from 
that of the gas to be pre-heated. 

When the mass of the first gas is too large the recuperation 
will be incomplete, and the waste gases will escape at a temper- 
ature higher than the one of the atmosphere. Inversely, when 
the gas to be pre-heated is in excess, these gases will absorb all 
the calories, but their temperature vqH not reach the initial tem- 
perature of the waste products. 

The first case — excess of waste products — ^is the one generally 
met \7ith in furnaces. The thermal capacity of the air necessary 
for combustion is always lower than the thermal capacity of the 
products of combustion; therefore, even heating the total air 
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would not secure complete recuperation. The double recuperation 
by the air and the gas does not secure complete recuperation, 
once the thermal capacity of carbon monoxide is lower than that 
of carbon dioxide. 

Triple recuperation — ^primaiy air, secondary air and gas — alone 
may give complete recovery of the calories of the products of 
combustion. On the point of masses the limit is reached and even 
exceeded, since the primary air is pre-heated twice; it passes onco 
through the chambers before its injection into the producer, and it 
is subjected to a second recuperation with the producer-gas on 
is way to the hearth. In the second case, on account of the in- 
equality of the masses, the air and the gas will leave the recuper- 
ators less hot than the products of combustion at their entrance 
through the same, however perfect the apparatus. 

Hypotheses Required for the Mathematical Theory of 

Combustion in the Recuperative Gas-fired Furnaces; 

Selection of the Method Used for the 

CaIjCULAtion of the Efficiency. 

In order to eliminate some variables from our general equation 
of heat utilization and to reach the general theory of recuperation, 
it is necessaiy to assume certain hypotheses. 

(1) We will admit in our calculations that the complete gas- 
ification of carbon into carbon monoxide, without any admixture 
of carbon dioxide, is possible. 

This hypothesis does not conform with practice, since producer- 
gas always carries a certain percentage of carbon dioxide. Lede- 
bur, in his treatise on metallurgy S gives examples of gas analyses 
where the (X)j is below 1%, which would justify our h3rpothe8is; 
however, since such results are veiy rare, it will be necessary for 
us to discuss the influence of the premature combustion of the 
gas on the heat utilization. 

(2) We will suppose that the exchange of calories is perfect 
between the two gas masses, the products of combustion giving 
up their calories, and the gas to be pre-heated absorbing them. 

1 **G«iiie CivU/' Tome XXIX, No. 4. p. 69. 



68 INDUSTRIAL FURNACES AND METHODS OP CX)NTROL, 

In other words, we will suppose that the temperature of the re- 
cuperated gas will be equal to the temperature of the products of 
combustion at the moment of their leaving the hearth. 

This hypothesis is quite far from reality, since the rate of ex- 
change of calories between a gas and a solid body in contact with 
it is greater the larger the gap between the irrespective tempera- 
tures; as the gap becomes small the rate of exchange becomes 
very small. Since recuperation necessitates a double transfer 
of calories between a solid and a gas, it is found in practice that 
the exchange from gas to gas is limited to a difference in tem- 
perature generally greater than 300°. Here, also, we will be obliged 
to discuss the uifluence of this disturbing factor, since we can- 
not include it in our calculations. 

(3) We will admit that the furnace has an invariable ruling 
temperature in all its parts. 

This condition is fulfilled in continuous furnaces using the par- 
allel coimter-current system of recuperation, but it is not exactly 
true of furnaces using inversion. Let us assume, then, that the 
chambers are large enough and the inversion frequent enough 
to maintain the constancy of temperature between two inversions. 
Our hypothesis will, therefore, conform closely to practical condi- 
tions. Hence it will not be necessary for us to discriminate between 
the two sjrstems of recuperation; the results foimd will apply 
as well to the Siemens system as to the parallel ooimter- current 
system. 

(4) The heat radiation from all organs of recuperation, chambers, 
flues, and gas producers is supposed to be small enough to be 
negligible. 

This hypothesis is evidently inaccurate; radiation is essentially 
a function of the form and of the method of construction of the 
furnaces. It would be impossible to enter such variables in our 
calculations. The radiation of the hearth, however, is part of 
what we have defined as "utilized heat." 

(5) We will suppose that our fuel is carbon, the equivalent 
of an ashless coke. 

It results from all the above hypotheses that our gas will be 
formed of carbon monoxide, or carbon monoxide and hydrogen, 
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without admixture of carbon dioxide, water vapor or hydrocarbons; 
that the gas brings to the furnace the whole of its sensible heat; 
that the gases subjected to recuperation enter the hearth at its 
ruling temperature; and, finally, that the products of combustion 
enter the recuperators at that same temperature, arbitrarily se- 
lected. In other words, if the ruling temperature of a furnace 
with double recuperation is, say, 1500^, the secondary air and the 
gas enter the hearth at a temperature of 1500^. If the furnace 
has single recuperation, the air enters the hearth at 1500^, the 
gas enters at the temperature of combustion of the carbon burned 
to carbon monoxide in air, mixed or not mixed with steam, and 
the products of combustion escape from the hearth at 1500^ and 
enter the chambers at the same temperature. 

We may remark that these h}rpotheses favor the perfect utili- 
sation of the heat in the furnace. They mean simply that, from 
the point of view of the utilization of heat, the organs of recupera- 
tion have reached perfection. It is toward this perfection that 
all improvements tend. Our hypotheses are therefore legitimate. 
The theoretical calculations made by their use will give us, in an 
accurate manner, only the maximum heat utilization or the min- 
imimi losses in the furnaces. The results thus obtained are not only 
interesting but they may also serve as a sure guide in an experi- 
mental study of a given furnace, as they allow appreciation of its 
good and bad points. 

However, from the point of view we have taken, the compari- 
son and classification of the various systems of furnaces are not 
sufficient. Nothing warrants us to say, a priori, that the classi- 
fication of the furnaces, based on their maximimi efficiency, will 
still hold true when the furnaces are working under the conditions 
met in practice. 

We will then have to review our various hypotheses in order to 
see what modifications in the absolute values of our figures will 
bring the practical conditions, and thus ascertain the change in 
the order of the classification. We will make use, therefore, of 
our hypotheses, with the reservation of a subsequent examination. 

CakvloHon of the Efficiency of a Furnace. — In our general equation 

Q-P + U 
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we will give to the terms P and U the specific meanings given them 
in ourh3rpotheses: 

P « heat escaping recuperation, or heat escaping, with the 
waste products. 
U » Maximum of the heat utilized in the furnace. 

And since Q is always known either by the direct measurement 
of the calorific power, or indirectly by means of the heats of 
combustion of chemical elements or compounds, it is possible to 
compute U or P and to obtain by difference P or U. 

Of the two methods we have selected the direct calculation 
of P, with the idea that the knowledge of the heat lost is the essen- 
tial point in a study of furnaces. Furthermore, the computation 
of P allows us to easily find the temperatures of the gases leaving 
the chamber, and to obtain an insight of what takes place in the 
recuperative apparatus. 

The direct calculation of U has its special interest in the case 
of the study of the phenomena taking place in the hearth. Itscal- 
ciQation will be the object of a later study. 



CHAPTER IV. 

DiREcr-FiRED Furnaces — Boilers. 

Characteristics of Direct-Fired Furnaces^ and their Principal 
Industrial Applications. — ^The combustion of the fuel in direct- 
fired furnaces takes place in one operation; the carbon is at once 
burned to carbon dioxide, the reaction being the following: 

C + 0,+ 4N,-CO, + 4N, 

14 14 (Molecular Volumes) 

97.6 calories are liberated by the burning of one molecule 
(12 grams) of burned carbon. 

In this case no attention need be paid to the steam sometimes 
injected under the grate, as is the case with boilers operated imder 
forced draught with a steam injector. Sometimes, also, in furnaces 
operated for high temperatures, the workmen are accustomed 
either to wet their coal or to throw water on the grate, with the 
idea of bettering their fires. Whatever be the rationale of this 
practice, water is not broken into its constituents in a direct-fired 
furnace, and therefore does not take an active part in the com- 
bustion. 

In order to better utilize the heat, the body to be heated is placed 
directly over the flame, and often in contact with it. All the 
waste products go to the stack, canying away all the available 
calories not made use of in the furnace proper. 

In order to have perfect combustion, it is necessary to have 
an excess of air. This excess is often considerable, as the air gen- 
erally has free access to the grate, and can be regulated only as 
far as the fire can be regulated; nevertheless, it is seldom that 
the combustion is complete, as is indicated by black smoke, show- 
ing that abimdant coal-dust and soot have been subtracted 
from the combustion. 
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With the above conditions — ^loss through smoke, excess of air 
and incomplete combustion — a low efficiency results. In spite 
of this, direct-fired furnaces are largely in use on account of their 
simplicity and the economy of their construction. 
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Fig. 22. — BoEiius Furnace. 
(From A. H. Sexton's "Fuels and Refractory Materials.") 



The old glass-pot furnaces and most reverberatory furnaces for 
metals other than iron, kiln furnaces for porcelain and earthen- 
wear, muffle furnaces, annealing furnaces for glass and brass, 
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etc.; are without recuperation. Certain furnaces with a deep 
fire-bed constituting a true producer, and where high temperatures 
are obtained by pre-heating the air, as the Bicheroux furnaces 
used in metallurgy, and the Boetius furnaces in glassworks, are still 
furnaces with direct firing without recuperation. Their products 
of combustion are discharged directly into the atmosphere. 

Puddling and re-heating furnaces are also direct-fired furnaces; 
in most instances, however, they are connected with steam boilers 
— excellent organs of recuperation. They are worthy of a special 
study. Boilers form by far the largest class of this group. 

It should be said, however, that if all these furnaces are not 
provided with gas recuperators, they are not wholly without means 
for making use of some of the heat escaping the main hearth. 
T^thout mentioning furnaces followed by boilers, many reverber- 
atory furnaces have several hearths of decreasing temperatures. 
The ceramic furnaces have a hearth where the first firing given the 
potteries is at a temperature lower than that of the main hearth, 
where the enameling is done. 

Through these devices the efficiency is often greatly improved. 
From this remark it follows that the ruling temperature of the 
first hearth is without any great importance to the heat utilization. 
The two items which, in direct-fired furnaces, allow the estimation 
of the value of a furnace, are the temperature and the chemical 
composition of the products of combustion at the stack. ^ From 
this data the heat lost can be computed, and by difference the util- 
ized heat is foimd. 

In our study of direct-fired furnaces we will calculate the heat 
losses for all temperatures and for the composition of waste pro- 
ducts usually met in practice, assuming the fuel to be ashless 
coke. 

Heat lost, P, for all Temperatures y the Combrisiion Taking Place 
with the Theoretical Amount of Air. — Let us take a weight of pure 
coke (carbon), say 12 grams, giving by its combustion a molecular 
volume of carbon dioxide, and liberating 97.6 calories. The 
necessary oxygen is accompanied by a volume of nitrogen ^®*^ 



20.8 



* Let lu recall that in non-recuperative furnaoee the stack begins at the hearth exit, 
and the temperature should be taken at that place. 
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which for the sake of simplicity we will call quadruple the volume 
of oxygen. We have seen that the equation of combustion is 

The products of combustion will be composed of 4 molecular vol- 
umes of nitrogen and 1 volume of carbon dioxide. The calories 
carried away by these products are easily foimd by using the table 
of thermal capacities (Tables 6, 7). The calculations are shown 
in the following table: 

Calcxtultion of Lost Heat, P, in Direct-Fixubd Furnaces at 300"*, 1000**, 1500" C. 

Rcaction-C + O* + 4 N« - COa + 4 Nj 
Composition of the Waste Products-" CO > + 4 N^ 



Calories set free - Q - 97.6 300'»C. lOOO" C. , 1600' C. 



Calories carried away by ( by Molec. Vol. of CO 2 • . . ■ 
the Waste Products. . . ( by 4 Mol. Vol. of N 2. . . 

Total - P 



P -I- Q - Ratio of Heat Lost to total Available 

Heat, P + 97.6 

Percentage of Utilised Heat U 



3.1 , 12.2 21.1 

8.4 29.7 46.4 



11.5 I 41.9 67.5 



11.8 43.0 69.5 

88.2 I 57.0 30.5 



The Utilization at 0° is evidently perfect, the efficiency being 
100%. This is practically the case in domestic furnaces, where 
the apparatus is so built as to send the products of combustion 
to the stack at a very low temperature. 

The efficiency is nil, the heat being totally lost with the products 
of combustion at the temperature of combustion of carbon in cold 
air, which we know to be 2040**. We are able to plot the curve 
of the heat lost, P, by connecting the five points found. The 
equation of this parabola, deduced from the thermal capacities, is 
the following: 

Q(P) - 6 X 6.6 '^J^+ [4 X .6 + 3.7]^^ 

The examination of this curve (Fig. 23) gives useful information 
on recuperation. We find the summit of the curve to be 2040°, 
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the limit of temperature at which direct-fired furnaces can be used; 
beyond that temperature the use of grate furnaces is evidently 
impossible, unless the air is first pre-heated by recuperation or by 
some other device, such as is used in the Bicheroux furnaces. 

Keeping in mind that an excess of 5% oxygen in the products 
of combustion is difficult to prevent, and that it corresponds to an 
excess of 25% of air, the temperature of combustion is lowered 
to 1650® (see page 17). The study of the curve of heat utilization 




7V<p^« rmf«t*^4 



Fio. 23. — Curves Showing the Percentage op the Heat Utilized and 
Lost in Direct-fired Furnaces. 



shows that, for a heat efficiency of 10%, there should be a difference 
of about 150^ between the temperature of the hearth and the 
temperature of combustion; it follows that 1500^ is about the 
maximum temperature to be realized under industrial conditions 
when burning cold air, and then the efficiency is far from being 
satisfactory. The only furnaces in use under such conditions are 
blacksmith forges, where, with forced draught, heating is done by 
bringing the iron pieces into close contact with the fuel. Here 
radiation is reduced to a minimum, and the excess of fuel allows us 
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to always have perfect combustion in a portion of the firebed cor- 
responding to 2040° C. The temperature of 1500® explains the 
necessity of recuperation for the metallurgy of steel. It may be 
added that, without recuperation, the melting of steel in open- 
hearth furnaces would not be possible, since the ruling temperature 
in these is 1600*^ and over. 

In the glass industry, on the contrary, the ruling temperature 
is only 1460*^, or even less; hence, direct-fired furnaces may still 
be used, and there are quite a number in operation at present. 
When recuperative-furnace builders guaranteed to the ^ass in- 
dustry a saving of fuel of 60%, that guaranty was not excessive, 
since the maximum heat utilization at 1450° is only 30%. 

If the ruling temperature is lowered to 1200°, the efficiency 
rises to 50%. At 1000° it becomes equal to 60%, and this rela- 
tively high efficiency explains why, in industries where use is 
made of this temperature, it is so difficult to effect a substitution 
of the recuperative furnaces for the direct-fired furnaces. The 
manufacture of coal gas in retort furnaces, metallurgical operations 
with the Bicheroux furnaces, glass-making with the Bofitius fur- 
naces, and kiln-firing of porcelain and earthenware, are effected 
in the neighborhood of 1000°. There is still a possible economy 
of 40%. Many such furnaces have been provided with recupe- 
rators; there are, however, many places yet where the introduction 
of recuperative gas-fired furnaces might result in a marked economy. 

Now that the problem of high temperatures has been satisfactor- 
ily solved, this class of furnaces presents today the most promising 
field to engineers and furnace builders. PYom 500° down the 
efficiency becomes good, and the benefits to be derived from the 
use of recuperators are doubtful. Without condemning the at- 
tempts made in this line, let us recall that the introduction of the 
Siemens system to boiler firing has not been successful. In this 
case, from 500° down, steam boilers are, in fact, the best agent 
for the utilization of the heat of the fuel. ^ 

Furnaces FoUmved by Steam Boilers. CalcuLaium of the Lost 
Heatj P, in a Puddling Furnace. — In the discussion of direct-fired 

^ This opinion has often been advanced, and Lencauches has maintained that the ateam 
boiler ia the best recuperator; our figures corroborate this opinion. 
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fumaoes, puddling and re-heating furnaces have been purposely 
omitted. In these, direct firing is, and doubtless will be for a long 
time to come, the general rule. The large amount of motive 
power required by iron works has led users to place steam boilers 
in connection with puddling and re-heating furnaces, thereby 
reducing the waste of heat. These boilers generate steam in general 
for low-pressure condensing engines. It is possible to give the 
boilers the design and heating surface best suited to high efficiency.^ 
Thus, there is a series of beneficial conditions particular to metal- 
lurgical furnaces followed by boilers which have a very good heat 
utilization. It is interesting to find their exact efficiency. 




Fio. 24. — ^PuDDLiNo Furnace op the Forges d'Eurtillb. Sbgtiok A B. 

In Fig. 24 is shown an example of a puddling furnace with water- 
cooled hearth; it is followed by a boiler, not shown in the drawing. 
The boiler is horizontal, and gives a steam evaporation of 4 to 4.5 
kg. of water per kg. of coal burned on the grate. The waste pro- 
ducts have a temperature of 200 to 250^ at the stack. Supposing, 
by analogy with similar puddling fiuiiaces, that the combustion 
takes place with an excess of 5% oxygen in the waste products, 
corresponding to the formula 



COa + 4N3 + i(0, f 4N2) 



^However, they usually cannot be crowded, an their heating depends entirely on the 
nuddlinff furnace, and it may happen that, at the time when most steam is required, the 
boilers furnish the least. — TranalcUor. 
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with a temperature of 200° at the stack, we find that only 9.8 
calories out of 97.6 have been lost, corresponding to an efficiency 
of 90% — ^an eflSciency higher than that of most systems of re- 
cuperation. 

Therefore, there is little incentive, from the point of view of 
fuel economy, to substitute recuperative furnaces for the above 
t3npe of puddling furnaces. 

Steam Boilers. Heat Lost When Combustion is Effected by (he 
Use of a Large Excess of Air, — ^The most interesting case to take 
up is that of the multitubular boiler used in marine engineering. 
There, fuel economy is most highly valued, and there, also, are met 




Fig. 24/2. — Puddling Furnace of the Forges d'Eurville. Section^C D. 



the most unfavorable conditions (small volume and the necessity of 
quick steaming). This problem has also been the most thoroughly 
studied. Experimental data have been given us by the builders 
of the best known of this class of boilers. We give as examples the 
drawings (Fig. 25, 26 and Fig. 27, 28) of two types of marine 
boilers — ^the Belleville and the Niclausse. Both are multitubular, 
but the water circulation is different. 

In the Belleville the tubes are placed in series; in the Niclausse 
they are in multiple on vertical collectors, and the circulation is 
established variously, according to the rate of steaming at which 
the boiler is operated. Such are the main differences between the 
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two systems. In both boilers and, in general, in all boilers with 
intensive vaporization, the difficulty encountered is the keeping 




Fio. 25. — Section Through a Belleville Boiler and Econobiizer 



of a low temperature in the waste products when the rate of com- 
bustion is increased. 
The economizer introduced by M. Belleville is designed to re- 
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cuperate some of the heat, otherwise lost, by heating the feed-water 
and thereby bettering the fuel eflSciency. 




FiQ. 26. — Longitudinal Suction and Front Elevation of a Belleville 
Boiler and Egonomizxr* 



The Nidausse boiler has no economizer, but its system of cir- 
culation is such that the tubes furthest from the grate act as feed- 
water heaters. 
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The distinguishing feature of boilers, as compared with fumaoee, 
is the lack of a ruling temperature. The temperature varies in 
a decreasing manner continuously from the grate to the stack. 




FiQ. 27. — Section Along A B of the Niglaxtsse Mui/nTUBULAR Boiler. 



In a theoretical study it is not even permissible to take as a ruling 
temperature the temperature of water vaporization at the steam- 
working pressure, since the extreme tubes in the Nidausse and 
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the economizer in the Belleville have a lower temperature. The 
only data allowing the calculation of the lost heat are experimental 




FiQ. 28. — Front Elevation of a Niclaussb Multitubular Boiler. 



— ^the temperature of the products of combustion at the stack and 
the anal3rsis of the gases. 
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The following data have been given us by M. Nidausse from 
a series of trials made of boilers built for torpedo boats. The tem- 
perature at the smoke-box varies widely, according to the rate of 
combustion. It is as low as 140® for a vaporization of 20 kg. per 
square meter of heating surface, and for a consumption of 100 kg. 
per square meter of grate-hour. It reaches as high as 370-400® 
for a vaporization of 55 kg. and a consumption of 400 kg. of coal. 

The Belleville boilers fitted with economizers have a temper- 
ature in the smoke-box varying from 175® for a coal consumption 
of 70 kg. per square meter of grate area to 375® for a consumption 
of 170 kg. of coal. The composition of the gases — ^the average of 
three tests on Niclausse boilers — ^is the following: 



CO, 

8.2 



O3 
10. 



CO 

.80 



81. 



It is seen that it corresponds to a large excess of air: 10% of 
free oxygen corresponds to an excess of 50% of air. The water 
vapor present was not given. 

To estimate the heat utilization in these boilers, we must make 
the calculation of P within the limits of the temperatures 100^ 
and 500®, with the supposition that the excess of air in the waste 
products is equal to the volume of the products of combustion. 

\^th this h3rpothesis the composition of the waste products is 

C0, + 0, + 8N,. 

We have 97.6 calories liberated per molecular weight (12 grams) 
of burned carbon. 
Thermal capacities of the waste products: 





Gas 


200* 


40(y» 


«W 


CO, 

Oa+SNs 


1.8 
12.6 

14.4 
14.4 


4.8 
25.4 

30.2 
31.0 


6.4 
38.8 




Total 

% of I0B8 


46.2 
46.3 
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The curve of the heat utilization is traced from this data (Fig. 
14). It is seen that, as soon as the boUers are crowded, the ef- 
ficiency falls rapidly. For a temperature of 500® in the smoke- 
box — a temperature that may be reached at times — the utilization 
of the heat is only 65%. 

It is, then, permissible to remark that there is a field for im- 
provement in steam-boiler practice. The methods of gas re- 
cuperation have small efliciency at 500*^. The recuperation by 
the heating of the feed-water has also a limit, and it would appear 




Fio. 29. — Curves Showing the Percentage of the Heat Lost and 
Utilized in Multitubular Boilers. 



that the economizers have already given all that may be expected 
from them. The only remedy seems to be in the direction of per- 
fect combustion without excess of air. The solution of the problem 
is, however, far from having the simplicity that might at first 
appear. 

The use of gaseous fuel, which at high temperatures allows a 
closely neutral combustion, would probably be of poor efficiency 
in boilers, since the rate of combustion of gases is slower the lower 
the temperature. The combustion would most likely be incomplete, 
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and sooty deposition would take place. The very hot flame re- 
sulting from combustion without excess of air would injure the 
boiler shell, and other obstacles might be encountered. It re- 
mains true, however, that it is in the line of complete combustion, 
without excess of air, that the most gain is to be expected. 



CHAPTER V. 

First Class of Gas-Fired Furnaces— Siemens Gas-Recu- 
perative Furnaces^ Fired with Carbon Monoxide. 

The following reaction takes place in the gas producer: 

C+ iO,-f 2N,-CO + 2N, 

primary air 
\ 2 12 Molecular Volumes, 

with a liberation of 29.4 calories. The primary air being intro- 
duced cold, the temperature of the gas issuing from the producer 
is 1290^. If the primary air has been pre-heated, to the heat of 
combustion should be added the sensible heat brought from the 
producer. The temperatures of combustion are given in Fig. 34 
for the temperatures 0^ 600°, 800°, 1000°, 1600° C. 

The combustion is completed in the hearth according to the 
reaction: 

C0 + 2N, + i03 + 2Na - CO, -f 4 N, -f 68.2 Calories 
gas secondary air 

The total liberated heat— 29.4 4- 68.2— is 97.6 calories, and the 
composition of the waste products is the same as in the case of 
direct-fired furnaces — CO , + 4 N ,. 

First Case, Recuperation by Means of the Secondary Air Alone. — 
The furnaces coming under this heading are the retort gas-furnaces 
of the Compagnie Parisienne du Gaz, Siemens system, or Lencau- 
chez system, where the draught is secured through natural means 
without the injection of any steam in the ash-pit; also, some 
glass furnaces provided with counter-current recuperation, as the 
Radot furnaces, Gobbe system large glass tank furnaces with 
Siemens recuperators, etc 
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^ Ca/ifr/es § 




Fio. 30. — Curve Showing Theoretical Temperature of Formation of 
Siemens Gas, the Primary Air Being Injected at 0®, 600**, 800®, 1000**, 
1500*»C. 



It is apparent that, notwithstanding the large use of mixed gas 
the number of furnaces of this type is still large. 

We give two examples of these furnaces. Fig. 31, 32, from 
drawings furnished by the CJompagnie Parisienne du Gaz, rep- 
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Pio. 81. — ^Illuionatinq-Gas Mufflb Furnace of tbe (}ompaonib Pabibi- 
KNNS Du Qas. Section A B. 
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Fig. 32. — Illuminatino-Gas Muffle Furnace or the Compaonie 
Parisienne du Gaz. Section E F, G H 




Fig. 82o. — Section LJ. 
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resent its most approved type of Siemens furnace for gas retorts. 
From a practical point of view its construction is very interesting, 
for by the happy grouping of the recuperators the radiation of the 
chambers is reduced to a minimum. From the point of view of 
theory it comes very dose to our h3rpothesis, since that furnace 
is fired with gas coke. The ruling temperature is about 1000**. 
Fig. 33, from drawings given by M. Lencauchez, illustrates a 
furnace with only secondary air recuperation, the recuperators 
being of the parallel counter-current type, Lencauchez system. 
Its ruling temperature is higher than 1400^. This recuperator, 
as is well known, is formed by hollow firebricks. 

Calculation op the Lost and Utilized Calorieb in FaRNACss Fired with Siemens 
Gas, with Single Recuperation bt the Secondary Air. 



AvaiUble tCalories - 97.6 


1000° 


1600° 


Themud Capaoities of the Combustion Products. . . 
F - ToUl 




12.2 
29.7 

41.9 


21.1 
46.4 

67.6 


Caloriss R«eup«rated by the Secondary Air 

R - Total 


3.7 
14.9 

18.6 


5.8 
23.2 

29.0 


Lost Calories - F— R 

% of Lost Calories = P 

% of UtiUsed Calories. Efficiency - U 


23.3 
24.0 
76.0 


38.6 
39.6 
60.5 



The calculations for the heat efficiencies are given above. 

As was the case with direct firing, the efficiency increases with 
the lowering of the ruling temperature, but at a much lower rate. 
There are no upper limits to the temperature to be attained. 

If we have the secondary air pre-heated to 1000**, the gas being 
at its theoretical temperature 1290°, we find by the graphic method 
(Fig. 34) a temperature of combustion of 3000®. 

We may, therefore, conclude that furnaces with single recu- 
peration, fired with Siemens gas, can give all the usual industrial 
temperatures, and that within these temperatures the efficiency 
should always be 50%. For lower temperatures, and especially 
for the distillation of gas from coal, the efficiency reaches 75%. 



FIRST CLASS OF GAS-FIRED FURNACES. 
K 



91 




-j ^-^^^^— -^- ? ?fe^^<^^ 



FiQ. 33. — Glass Tank Furnace, Fired with Siemens Gas, with Recuper- 
ators OP THE LeNCAUCHEZ PARALLEL CoUNTER-C?URRENT TyPE. J;SeO- 
TION ALONG G H. 




FiQ. 33a. — Section along K L. 
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This efficiency explains why the Compagnie Parisienne du Graz 
has kept in operation a system of furnaces in which the recu- 
peration is not perfect, but where the further gain of calories to be 
attained would not justify the cost and complexity of furnaces 
with four recuperative chambers fired with mixed gas. There- 
fore, we reach a pricri, by theory, results that have been found in 
practice. 
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Fig. 34. — Graphic Determination op the Temperature op Combustion 
OP Siemens Gas (C04-2NJ Heated to 1290® C, the Secondary Air 
Being Pre-heated to lOOO**. 



Second Case. Furnaces vnth Double Recuperation for the Second- 
ary Air and Gas, — ^All the first Siemens furnaces, and especially 
the first Martin-Siemens furnaces, come under this heading. They 
were generally constructed with the inverted siphon; its function 
has been explained. This organ has been condemned, since it has 
become possible to build furnaces without it. 

This much debated question will be discussed and our calculations 
will give its true value. It is one of practical interest, since there 
are furnaces of this type in existence. 
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In order to establish the heat balance-sheet of a furnace with 
double recuperation, it is necessary to add to the calories absorbed 
by the secondary air those absorbed by the gas. The gas is not 
cold, as it leaves the producer (according to our hypotheses) at 
the temperatiire of combustion of carbon burning to carbon monox- 
ide in cold air — that is, 1290^. Therefore, for any ruling tem- 
perature below 1290°, gas recuperation is impossible, furnaces with 
four recuperative chambers are unnecessary, and the theoretical 
efficiency of such furnaces would be equal to that of a furnace 
with simple recuperation. We have to make our calculations only 
for 1500°. 



Calculation of the Lost and Utilizkd Heat in a Furnace Fired with Siemens 
Gas, with Double Recuperation, Sbcokdart Air, Oas. 



Avsilsble Calories - 97.6 


1500" 






F la Therms) Cl^piLci^A* nf the Products of Combu«tion 


67.6 






i> n.i^^^ » « — ♦*.! iby the Seoondary Air from 0"* to 1500".. 


29.0 
4.7 


Total 


33.7 






p — R-Lost Calories 


33;8 


% of Lost Calories-P 


34.6 


% of Utilised Calories -U 


65.4 







Remark. — The oaleulation at 1000" is impossible; the double recuperation at that tem- 
perature would give the same result as the single recuperation. 



The lost heat, P, is 34.6%, thus giving a bettering of ef- 
ficiency of 4.9% over that of furnaces with single recuperation. 
Still a third of the available calories is swept away to the atmos- 
phere by the products of combustion — ^more than enough to pre-heat 
the gas to 1290® (29.4 calories). Thus, with good recuperation 
it is possible to pre-heat the gas if it has been cooled by the siphon 
or by a long flue before entering the recuperator. In the case of 
Siemens gas there is, therefore, no waste of calories through the 
use of the siphon. It follows that it is perfectly rational to place 
the producer at any convenient location, since such design is not 
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wasteful either for proper efficiency or for the production of high 
temperatures. 

The Siemens siphon and very long flues evidently have their 
drawbacks, since they cause deposition of tar and soot and there- 
by impoverish the gas. They should not be condemned on ac- 
count of the radiation of the sensible heat of the gas, which would 
be wasted in case gas is recuperated. In that respect they are 
very rational. They have rendered good service in the beginning 
of the art; and may still be useful when it is not desirable to use 
mixed gas and when natural draught is a necessity. 

As an example of a furnace with double recuperation using 
air and Siemens gas, there exists a glass furnace, Gobbe system, 
built in Russia, using wood for fuel. The gas, as it leaves the 
producer, encounters a water spray in order to condense any steam 
produced in the wood distillation. The gas enters the recu- 
perator cold. We have here an extreme case in which gas recu- 
peration is necessary. 

Third Case, Double Recuperation: Primary and Secondary 
Air, — ^The complete recuperation of the total air is impossible 
under present industrial conditions. The ruling temperature of 
a producer blown with primary air, heated to the temperature of 
the hearth, would be so high that no known type of producer could 
be used; we have seen that it would be over 2000**. K the Ebel- 
men producer (Fig. 16), with ash fusion, could stand such a tem- 
perature the exterior radiation would be very high, thus com- 
pensating to a great extent for the advantage resulting from the 
pre-heating of the primary air. 

The question of the preservation of the grate prevents any appli- 
cation of the system. It is difficult to reach a temperature of 600® 
in the ash-pit without burning the grates, so that this temperature 
is almost the limit of the heating of the primary air, and its appli- 
cation is even then very limited. 

With the exception of the Klonne furnace at Dartmund, fired 
with mixed gas, and of trials with pre-heated air with Taylor, 
Lencauchez and Siemens producers, there is only the new Siemens 
furnace that realizes a partial recuperation of the primary air. The 
design of that furnace is well suited to it. It is only necessary to 
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operate it in a way the reverse of that employed by Biedermann 
and Harvey (in placing the ash-pit in communication with the air- 
chamber and not with the waste-product chambers) to have a 
simple pre-heating of the primary air. If necessary, the pre-heated 
air should be diluted with cold air, in order to lower its temper- 
ature below 500°. 

Some of the new Siemens furnaces are today operated in this 
manner; the greater part, however, inject some products of com- 
bustion, steam, hot and cold air under the ash-pit. In any case, 
it is necessary to study the double recuperation by the total air in 
order to appreciate its value. 

The calculation is very simple; the primary air being equal to the 
secondary air, it is sufficient, in the case of single recuperation, to 
double the figure of the recuperated heat. The results are given 
below. 



Calculation of tub Lost and Utilized Caloribb in Furnaces Fired with Siemens 
Gas, with Doublb Recuperation bt the Total Air. 



Available Calories - 07.6.. 



F — Thermal Capacities of the Combustion Products. 
R — Calories recuperated by the total Air 

F — R - Lost Calories 



, of Lost Calories - P 

) of Utilised Calories, Efficiency - U 



1 1000» 


1600» 


41.9 
37.1 

4.8 


67.6 
68.0 

9.6 


5.0 
1 96.0 


9.7 
90.3 



These results show the very high value of double recuperation 
by the total air. At 1500° there is still a loss of 10%, but at 1000° 
the efficiency may be considered as perfect, since the 6% left is 
required to secure the proper draught in the stack. * 

Theory gives us, then, the direction in which progress is to be 
sought. It lies with medium recuperative furnaces, in which re- 
cuperation is today far from giving the fuel efficiency that might be 
attained. 

> The ease of the triple recuperation with primary, secondary air and gas is impossible 
with Siemens gas, since the temperature of the gas generated in a produeer blown with 
recuperated air is too high to allow any recuperation. 
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The advantages of high-temperature producers were foreseen by 
Ebelmen, who advocated a grateless producer much like a cupola 
furnace. This idea, after having been a long time dormant, has 
been recently revived, and the Saillers producer illustrated in Lede- 
bur* is practically an Ebelmen producer. The displacement of 
steam injectors by positive-pressure blowers in gas-producer prac- 
tice gives a new lease of life to the problem of Siemens gas, and forms 
in a way a step towards the solution of the problem of hot-blast pro- 
ducers. 

It must further be remembered that Ledebur showed that the in- 
crease of temperature in the producer tends to decrease the pre- 
mature combustion of the gas. It is easy to conclude that the 
questions of recuperation by the primary air and the introduction 
of hot-blast producers are vital. 

1 Ledebur: **Bfanuel theorique et pntique de la Metallurgie du Fer." Parte. Baudry 
etae. 



CHAPTER VI. 
Second Group op Gas-Fired Furnaces — Mixed Gas. 

Reactions of Combustion. — ^The continuous production of water 
gas is impossible without the use of an external source of heat in 
connection with the gas-producer. The reactions of gasification 
and of combustion in a furnace fired with mixed gas are as follows: 

We bum our carbon imit, the molecule (12 grams), and a fraction 
"m" of the fuel is gasified by steam: 

m (C + H,0) = m (CO + H,) (1) 

with the absorption of 

(29.4 - 58.2) m = -28.8 m calories. 

The remainder of the fuel is burned by air. 

(1 - m) (C + 2N, + iO,) = (1 -m) (CO + 2N; (2) 

with the liberation of (1 — ^m) 29.4 calories. 

The mixture of the two gases has for its composition 

CO + mH, + (1 - m) 2N, (3) 

The combustion of this gas with the secondary air wiU give rise to 
products of combustion of the following composition: 

CO, + 2N, + m (H,0 + 2N ^) + (1-m) 2N, - CO, 
+ 4N, + mH,0 (4) 

The factor "m" controlling the reactions (1) and (2) is arbitrary 
between limits, and is a function only of the quantity of steam in- 
jected under the grate. The temperature of the generated gas 
varies inversely as the factor "m" is smaller or larger. This tem- 
perature must not be allowed to fall below a certain limit, other- 
wise the producer will be extinguished. 
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Experience has shown that below 600^ the combustion of carbon 
in air ceases. It follows that the temperature of the gas will always 
be between 600® and 1290°, the temperature of gasification with 
dry air. As the amount of steam varies, the temperature of the 
gas also varies. In practice, when it is advantageous to produce 
mixed gas, the policy to follow is one of maximum production, 
with, therefore, the gas near 600°. This is the temperature limit 
used in our calculation. It is possible to find the numerical value 
of the factor "m," and therefore the chemical composition of the 



Let us suppose that the primary air is injected cold. To solve 
the problem it will be sufficient to know that the calories liberated 
by the combustion of (1 — m) grams of carbon in air, less the 
calories absorbed by the dissociation of "m" grams of water, will 
be in such amount as to bring the temperature of the gas to 600°. 

600 / J 

-28.8m-h29.4(l-m)^C j m(CO + H,)-h(l-m)(CO-f 4N,) [ 

S' ' 

We find that for m == J this condition is more than fulfilled, so 
that for a gas formed of J water gas and f air gas its temperature 
will be a trifle over 600°, and the producer will work satisfactorily. 

This theoretical result is in accordance with the established 
practice of blowing the producer with a quantity of steam corre- 
sponding to a gasification of about one-third of the fuel. 

If the primary air is pre-heated, the latent heat of the air is 
added to the 29.4 calories liberated by the partial carbon com- 
bustion, and the value of "m" increases. At the temperatures 
of 1000° and 1500° the pre-heating of the primary air would allow 
respectively 48 and 54%* of. the fuel to be gasified, providing the 
temperature of the producer is maintained at 600°. In the same 

> Reffultfl have been obtained as follows: 

1000 600 

29.4 — 5«.2m + (I — m) C (i O2 + 2N2) - C [CO + mH, + (1 — m) 2N,1 


29.4 + 18.2 — m (58.2 + 18.2) - 12.6 — 4.2m 

^ 35_ ^ 

■* 72.2 •*" 
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manner, if the steam were superheated, "m" would increase in 
value/ 

First Case. Recuperation by the Secondary Air. — ^This case 
occurs in the furnaces of the Compagnie Parisienne du Gaz (Fig. 
31, 32), when they are operated with water in the ash-pit and 
by natural draught, or with closed ash-pit and injection of air by 




Fig. 35. — Lencauchez Brass Furnace, Fired with Mixed Gas, with Sim- 
ple Recuperation of the Parallel Counter-Current System. 



means of a Koerting steam injector, The Siemens glass tank fur- 
naces and the Gobbe and Radot-Lencauchez furnaces are also 
operated with mixed gas, as well as many furnaces in use in the 
metallurgy of copper, as those of the Soci6t4 des M4taux. 

We give as an example (Fig. 35) a furnace for brass melting, 
with simple recuperation. It is of the Lencauchez parallel counter- 
current system. The producers of this furnace generate a gas 

^ Thfx>uchout the discuaaion of the caoes arisiiiff from the use of mixed gas, we pre- 
•uppoae that the water is introduced in the form of steam; that is, we neglect the latent 
heat of vaporiiation — 10.8 calories per molecular volume of steam. 
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containing 12% of hydrogen. The ruling temperature is sli^Uy 
below 1000°. 
Let us calculate the heat utilization, giving to "m" the value |; 

HC + H,0)-i(CO-l-H,) 

I (C -I- i 0, + 2 N,) = § (CO + 2 N,) 

The composition of the gas is 

CO + iH.-l-INj 

The required quantity of secondary air is 



iO,-l-2N, 
for CO 



and 



foriH, 

It is to be DLOticed that this quantity is greater by one-third 
than for the Siemens gas. The composition of the waste products 
is CO 2 -f- 4N 2 + J H jO, and the thermal capacities of these 
waste products is aJso greater than that of the Siemens gas by 
the entire thermal capacity of the water vapor. This heat is in 
no wise negligible, since to heat one molecular volume of water 
vapor from 0*" to 1000° and from (P to 1500° there are absorbed 
respectively 11 and 18 calories. 



Calculation op the Heat Lost and Utilizki> in a Furnace Fired with Mixed 
Gas, with Reclperation by the Secondary Air Alonr. 


AvaUable Calorics - 97.6 


10(W 


1600» 


Calories carried away by the Products of /99i' 
Combustion |Jgjo 

Total 


12.4 

29.7 

3.7 

45.8 


21.4 

46.0 

6.3 

73.7 


Calories recuperated by the Secondary Air(*02 + 2Ni 
from 0" to 10(W or 1500** UOa+iNj 

Total 


18.5 
6.1 

24.6 


28.9 
9.6 

38.5 


Lost Calories 


21.2 
22.0 
78.0 


35.2 


% of Lost Calories - P 

% of UtUised Calories - U. r 


36.0 
64.1 







In comparing these results with those above, we find that there 
is very little advantage in using mixed gas in the case of single 
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recuperation. The bettering of the recuperation coming from 
the increase of the secondary air is -offset by the greater loss in 
calories in the waste products, due to the steam, the thermal ca- 
pacity of which is very high. Thus, at 1500° the gain in calories 
is 3.3, and at 1000° only 2.1. This last figure is very interesting 
in connection with the furnace shown in Fig. 31, 32. It is seen 
that there is very little to gain by the use of steam for single re- 
cuperation. In the above deduction is found the explanation and 
confirmation of a practical fact already established. 




Fig. 37. — Morgan Suspended-Roof Billet-Heating Furnace. 



Second Case. Double Recuperation by Secondary Air and 
Gas. — ^This case is the most important one in the theory of gas firing 
with mixed gas. Most Siemens furnaces for steel and glass use 
a gas enriched through the use of steam. The inclination to do 
away with the siphon accentuates further the tendency to use 
mixed gas, since by the use of steam the gas is cooled as well as 
enriched, in contradistinction to the effect of the siphon. 

The interest of this case is further increteed if we remember 
that it is alwajrs easy to pass from Siemens gas to mixed gas by 
slight modifications in the gas-producers. 

In Fig. 38 is given an illustration of a tank furnace for glass 
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Fig. 38a. — Siemens Glass Tank Furnace. Section C D E F 
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FiQ. 386 — Siemens Glass Tank Furnace. Section G H. 
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Fig. 38c. — Siemens Glass Tank Furnace. Section J K. 



of 150 tons capacity. The producer is of the Siemens type, with 
water seal, and the producer-gas carries from 8 to 10% of hydrogen. 
The ruling temperature of the hearth is 1450**. 

In order to find the value of the utilized heat, it is only neces- 
sary to add to the figures of the preceding case the number of 
calories taken up by the gas from 600** to 1000** or to 1500**. 

Calculation of the Heat Lobt and Utilized in Gas Furnaces Fired with Mixed 

Gas, with Doublb Recuperation er the 8 icondahy Air and by 

THE Gas, Coming at 600° from the Producer. 



Total available Calories = 97.6 


lOOO* 


1500" 


Calories carried by the Combustion Products - F 


45.8 


73.7 


Calories recuperated by the Secondary Air 


24.6 
6.3 

30.0 


38 5 


Calories recuperated by the Gas - CO + i Ha + | Nj 

Total Recuperated Heat =- R 


19.7 
58.2 


Calories lost - F — R 

% of Lost Calories ^^^ - P 

% of Utilised Calories =- Efficiency - U 


14.9 
15.2 
84.8 


16.5 
15.8 
84.2 
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Fig. 39. — 50-Ton Campbell Basic Furnace, Steelton, Pa. 
(From H. H. Campbell's " Metallurgy of Steel." Fig. VIII-C.) 
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The economy resulting from the double recuperation is apparent; 
for the temperature of 1000® the gain is 84.8 - 75.7 = 9.1%, and 
for the temperature of 1500** it is 84.3 - 66.3 = 18%, thus giving 
an economy of nearly one-fifth of the fuel. If we cany the tem- 
perature to 1800°, as in steel open-hearth furnaces, the economy 
will be over 25%. 

Such figures explain the favor with which the mixed gas was 
received from the first. We have seen that the higher efficiency 
is due wholly to the better recuperation. One-third more air is re- 
cuperated, and the gas has been recuperated from 600° to 1290°; 
to this double recuperative gain is due the fuel economy, which 
we have seen may reach 25%. 

Third Case. Double Recuperation by the Primary Air and the 
Secondary Air; that is, Pre-heating of the Total Air. — No complete 
application of this case is to be found in practice, since the pro- 
ducer grates would fail under the injection of the recuperated air. 
Some partial applications are embodied in the Kloime retort fur- 
nace as well as in many of the New Siemens furnaces, where a mix- 
ture of hot air and steam is injected together with some cold air, 
so that the temperature in the ash-pit shall not rise above 500°. 

We give in Fig. 40 an outline drawing taken from the English 
patent of Henry; it is the KlOnne system, applied to a gas- 
retort furnace. The recuperation takes place in two chambers by 
the parallel counter-current system, one chamber being used for the 
primary air, the other for the secondary. We have seen that 
by pre-heating the primary air to 1000° and to 1500°, the amount 
of water gas can be raised respectively to 48 and to 54%. 



Calculation or Lost and Utilized Heat in Gas Furnaces Fired with Mixed Gas 

WITH Double Recuperation: Total Air. The Gas Producer 

IS Maintained at 600® C. 


Available Calories «= 97.6 


lOOO** 


1600» 






Calories carried away by the Combustioii Products = F 

Calories recuoerated bv the Total Air »» R 


47 4 
37.0 


77.5 
57.8 






Calories lost - F — R 


10.4 


19.7 


Loss. %F--Rp 


10.6 ' 20.2 


97.6 

Utilised Heat, Efficiency = U 


89.4 j 79.8 
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• The heat utilization is very good for all temperatures, and it 
compares favorably with the double recuperation by air and gas. 
These results show that there is much to be expected from the 
application of this system. 

The recuperation by the total air has the great advantage of 
reducing the number of the chambers to two, from which the 
primary and the secondary air may be drawn. The better ef- 
ficiencies shown by the total recuperation of the air in the case of the 
Siemens gas can be foreseen, since the steam used in the case of the 
mixed gas carries to the stack, without any possible return, all 
the calories necessary for its heating to the ruling temperature 
of the hearth. 

It should not be concluded, however, that the mixed gas is without 
interest in the case of recuperation by the total air, since without 
flteam the temperature of the producer would become prohibitory; 
the dissociation of the steam used lowers the temperature to a 
point where it seems that practical application should not be im- 
possible. We are brought to the dilemma of either finding means 
of preserving the grate or using the Ebelmen type of producer. 
The New Siemens furnace is well suited to the adoption of the pre- 
heating of the total air. * 

Fourth Case, Triple Recuperation by the Primary Air, Secondary 
Air and Gas. — ^This case to our knowledge has not received any 
industrial applications. It would necessitate three recuperators, 
the third recuperator to collect the heat left in the products of com- 
bustion after pre-heating the secondary air and gas. We have seen 
(page 105) that there is left of the heat 15.2 and 15.8%, at 1000** 
and 1500** respectively. In spite of its complexity, this system is 
worthy of serious consideration, especially for very high tempera- 
tures, on account of the high efficiencies it gives. In fact, they 
have reached the very limit of the utilization of the heat of the fuel, 
the remaining 6% being required for the draught in the cham- 
bers. From the point of view of recuperation alone, the limit is 

^ Many trials have been made in this direction, especially by F. Siemens, who 
desif ned a producer without a grate in Which the coal took its own angle of repooe. The 
problem is, nowever, far from solution, since we do not know of an^ producer in which the 
temperature at the ash-pit is ever as high as 450**, and beyond this temperature the pro- 
ducer does not work satisfactorily. There is still a large gap to be crossed; the recuper* 
ation cannot be considered as complete below 1000* C. under the ash-pit. 
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Fio. 40. — Ki/ONNE Retort Furnack. 
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even exceeded in a sense, since the mass of the recuperating gases 
is larger than the mass of the waste products. The primary air 
passes twice through the chambers — once in the primary air re- 
cuperator and a second time in the gas recuperator. The products 
of combustion, on the contrary, travel but once through the recu- 
perators, and furthermore their thermal capacity is less than the 
combined thermal capacities of the total air and of the gas. 

Calculation of the Lost and Utilized Heat in Gas Furnaces Fired witb Mixed 
Gas with Triple Recuperation. 





1000* 


1600*» 


Ayailable Calories — 97.6 


48 % Water Gas 
62 % Siemens Gas 
Gas : 
CO + .48H2 + 1.04 N, 

Waste Products : 
COa +4N,+.48 HaO 


54 % Water Gas 

46 % Siemens Gas 

Gas: 

CO + .54H» + 92 N« 




Waste ProducU : 
C02 + 4Na + .54Ha0 


Rscuperation from 


1000** to 
600* 


600*' to 
0" 


1600'to 
600« 


1600** to 




0« 


Thermal Capacities of the Waste Pro- 
ducts ■" F 


21.7 


26.5 


50.0 


26.8 






Available Calories for Recuperation by the 
Total Air 


16.6 21.5 
7.8 0.0 

23.4 1 21.5 


36.4 
17.9 

64.3 


21.6 


Available Csiories for Recuperation by the 
Gas at 600** 


0.0 


Total — R 


21.6 






5.0 
5.1 




Excess of the Thermal Capacities of the 
Recuperating Gases over that of the 
Products of Combustion 


1.71 


4.3» 




Excess of the Thermal Capacities of the 
Products of Combustion over that of 
the Recuperating Gases = F — R 

%of LOBS-P 


5.3 
5.4 








.6 


% of Utilised Heat - U 


94.0 


94 









1 The recuperation limit being exceeded by 1.7 Calories between 1000** and 600**, the re- 
cuperation is perfect. 

3 The recuperation limit being exceeded between 1500** and 600**. the recuperation lis 
perfect. 



Under such conditions, it might appear that perfect recupera- 
tion — an eflBciency of 100% — should result. This, however, is 
evidently not the case, as it is easy to understand when it is re- 
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membered that only from 0** to 600° the total air takes part in the 
recuperation, and that its thermal capacity is less than that of 
the waste products. Therefore, between 0** and 600° there is][]a 
loss, which is absolute, not being compensated in the next step — 
from 600° to the ruling temperature 1000° or 1500°— in which the 
thermal capacity of the recuperating gas is larger than that of the 
products of combustion. 

It follows that, in order to be able to calculate the heat utiliza- 
tion, it is necessary to operate in two stages — one from 0° to 600°, 
the other from 600° to the ruling temperature, 1000° or 1500°. 

As an application of the triple recuperation of the gas, secondary 
air and primary air, the system of A. L. Queneau may be mentioned. 




Fio. 41. — Queneau System of Triple Recuperation of the Primary Air, 
Secondary Air and Gas. 

It has the ordinary Siemens chambers for the gas and secondary 
air, with a single chamber of the parallel counter-current type for 
the primary air. Usually the waste products leave the Siemens 
chambers on their way to the stack at a temperature which allows 
the use of cast-iron pipes for the recuperator. In case of high 
temperatures a firebrick recuperator is used. 

The primary air recuperator is designed so that the waste pro- 
ducts leave it at a temperature of about 200 C, a temperature 
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necessary for an efficient draught in the stack. The primary air 
is forced through the recuperator by means of a positive blower, 
while the heated air is led to the producer through a brick-lined 
flue. In order to utilize the calories of the primary air to the best 
advantage, without endangering the producer, the primary air 
meets a system of water sprays (the steam injector being entirely 
dispensed with). The vaporization of the water injected is ob- 
tained wholly at the expense of the recuperated waste heat (doing 
away with the boiler plant). By injecting the water in liquid form 
in the producer and obtaining its vaporization thereby, the fire 
zone of the producer is cooled more efficiently than by steam in- 
jection. The amount of injected air and water can be varied in- 
dependently at will, since they are not interdependent, as in the 
case of the steam injector. The use of the parallel counter-current 
system for the primary air does away with the complications of a 
third set of valves. The regulation of the temperature of the pri- 
mary air recuperator is automatically obtained by the regulation 
of the- temperatures in the Siemens chambers. Fig. 41 shows the 
application of the system to an open-hearth furnace. The drawing 
is taken from the patent specifications. The calculations are shown 
above. 
From an examination of the table two conclusions may be made. 

(1) The very high efficiency of furnaces with triple recuperation. 

(2) The very small influence of the ruling temperature on the 
heat utilization. 

This system of recuperation is, then, particularly suited to high 
temperatures; its use would result in a fuel economy of 10% over 
that of the Siemens furnace. 

There is a last case where the use of triple recuperation would 
give an economy even greater than 10%; it is in its application 
to industrial operations, in which the waste products consist of 
the products of combustion of the fuel, and of gases liberated by 
the materials under treatment in the hearth — that is, water vapor, 
carbon dioxide, sulphurous dioxide, etc. In the various systems 
already reviewed, the calories carried by these gases would be 
utterly lost, since the products of combustion of the fuel have higher 
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thermal capacities than the recuperating gases. In the case of 
triple recuperation the contrary is true, and therefore these extra 
calories can be brought back to the hearth. 

Glass furnaces present the typical example of this supplementary 
recuperation. The materials charged in the furnace carry as much 
as 45% of volatile products; the coal required for the fusion of the 
glass weighs about 60% of the weight of the fused glass. The mass 
of the volatile products is, therefore, mathematically speaking, a 
quantity of the same order as that of the products of combustion 
of the fuel. The ratio of the masses may be as high as ^, corre- 
sponding to a loss of ^V o^ ^^^ available calories. The recupera- 
tion of these lost calories, added to the increased economy resulting 
from triple recuperation proper, would bring an increase of 15% 
in the fuel efficiency by the application of this system to glass 
furnaces. 

In summing up the problem of the application of mixed gas to 
furnace firing, it may be said that single recuperation is suitefi 
only to high-temperature furnaces; it is very advantageous to all 
furnaces with double recuperation, and in the case of triple recu- 
peration it offers the maximum efficiency to be expected, irre- 
spective of the ruling temperatures. 



CHAPTER VII. 

FuKNACES Making Use of the SoCalled Regeneration of 

THE Products of Combustion — New Siemens 

Furnace — Use of Pure Carbon 

Dioxide in Gas-Producers. 

Reactions of Comhusiion. — General attention has been called 
to the regeneration of the products of combustion owing to the 
introduction of the New Siemens furnace, in which this principle 
receives a partial application. The furnace is so designed that 
the injection of the waste products in the gas-producers can be 
accomplished to any extent desired. 

A number of years before Biedermann and Harvey secured 
their patent, E. Gobbe had received a patent covering the in- 
troduction of products of combustion in the ash-pit of gas-pro- 
ducers. He was not able, however, to make a practical application. 
It is only since 1893 that furnaces, based on the principle of the 
regeneration of the products of combustion, have been constructed. 

It has been proposed also to inject pure carbon dioxide in gas- 
producers, the carbon dioxide being taken from lime-kilns, for 
example. No applications of this idea, which is, however, a rational 
one, are known; the difficulty, evidently, is to obtain carbon dioxide 
free from nitrogen without undue cost. 

Thus, theoretically, we have two cases to examine: 

(1) Injection of the production, of combustion. 

(2) Injection of pure^carbon d oxide. 

The results of the use of carbon dioxide have been studied (page 
63); we have seen that it acts precisely as steam: 

(1) By decreasing the amount of the primary air. 

(2) By lowering the temperature of the gas, on account of the 
heat absorbed in its decomposition. 
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C + COj = 2 CO with the absorption of 38.8 calories per 
molecular volume; the cooling action of the steam is thus less 
efficient by a difference of 38.8 - 28.8 « 10. calories. If, how- 
ever, the vaporization of the steam is effected in the producer 
itself, at the expense of its sensible heat, the efficiency of steam is 
equal to that of carbon dioxide. Like steam, carbon dioxide cannot 
furnish any calories, and its use does not increase the number of 
available calories. 

First Case. Injection of Pure Hot Carbon Dioxide in Gas-Pro- 
ducers. — ^This case does not properly belong to the study of heat 
recuperation, since the injection of hot carbon dioxide constitutes 
an addition to the available calories of the fuel. We shall examine 
it, however, as it represents the only true case of carbon regen- 
eration. Let us suppose that, close by the gas-producer, we 
have a supply of pure carbon dioxide at 1000° C. To calculate 
the maximum economy to be realized, we have only to consider 
that the whole of the sensible heat of the carbon dioxide is made 
use of in the regeneration of the carbon. It suffices to calculate 
the amoimt of carbon dioxide that can be injected at 1000® in 
the producer without lowering its temperature below 600° C. 
The calculation is precisely the same as in the case of steam. 

Let "m" be the proportion of carbon gasified by the carbon 
dioxide in the total amoimt (12 grams) of the burned carbon. 

m (C + COj) = 2mC0 

liberating m ( — 38.8 + 12.7) calories, 12.7 being the thermal 
capacity of a ftiolecular volimie of carbon dioxide from 0° to 
1000°. 

(1 - m) (C + i O, + 2N,) = (1 - m) (CO + 2 N,) 

liberating (1 — m) 29.4 calories. 
The chemical composition of the gas will be 
(1 +m)CO + (1 -m)2N, 

of which the thermal capacity from 0° to 600° is (3 - m) 4.3 cal- 
ories. Hence the equation: 

- 26.1 m + 29.4 (1 - m) = (3 - m) 4.3 
m = .33 
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One-third of the fuel will, therefore, be gasified by the carbon 
monoxide, the remaining two-thirds by the air. The resulting 
economy will be, per molecule of burned carbon, one-third the 

12.7 
thermal capacity of carbon dioxide from 0° to 1000°, or ~^; 

12.7 X 100 
in percentage, the economy is - —z- -- = 4.3%. 

Evidently to this economy is to be added that resulting from 
a better recuperation, as in the similar case of the mixed gas group, 
and that due to the lack of latent heat of vaporization. Neverthe- 
less, the advantages accruing from the use of pure carbon mon- 
oxide are not sufficiently large to warrant many trials of applica- 
tion. 

Second Case. Injection of Hot Products of Combustion in the Gas- 
Producer. — ^The injection of the waste products in the gas-producers, 
like the mixed gas, may be applied to the four methods of recu- 
peration. 

As the applications of this system are limited, and further since 
two of the cases — ^namely, that of the triple recuperation and 
that of double recuperation by secondary air and gas — have never 
been attempted, it will suffice to condense in one table the results 
of all the calculations. 

The carbon dioxide taken from the waste products is accompanied 
by a volume of* nitrogen, which is the same for all furnaces in 
which carbon is the fuel. This very large volume of nitrogen 
increases to a marked degree the amount of sensible heat going 
to the producer. It follows that it is possible to send to the pro- 
ducer a much larger volume of carbon dioxide than could be done 
with steam or pure carbon dioxide without lowering the tem- 
perature of the producer below 600°. The other conditions being 
the same, the influence on the recuperation will be correspond- 
ingly increased. A simple calculation shows that, when the waste 
products are- injected at 1450°, no more primary air is required; 
all the air will be secondary. At 1000° it will be possible to send 
44% of carbon dioxide. 

Under the above condition its use will result in a great improve. 
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ment of the efficiency. It must be remembered, however, that this 
latter is due wholly to better recuperation, by the increase in the 
secondary air and the cooling of the gas, and that no gain whatsoever 
comes from the so-called carbon regeneration, and furthermore 
that there is no increase in the number of available calories. 

Calculationb op the Efficikncieb op Fdrnacbs Fired with Gab Obtained pkom 
Producbrb Injected with Part op the Productb op Combubtion. 



{'Recuperation 
' by the 
AvaUable Calories - 97.6 - Q I Secondary 

li Air 



I 1000* 



Double Recu- Double Recu- 
peration I Deration 
by Air and ! by Total 
Gaa Air 



Triple 
Recuperation 



irmal Capacities of the Pro- ' .. 
ducts of Combustion — F ' *^* 



1500° 


1000*1 1600* 

1 


i 1000* 


1600* 


1000* 


1600" 


67.6 


42.1 ' 67.6 


1 
42.1 


67.6 


42.1 


67.5 



^A^^ [secondary Air 

b?^Pr^ ^PnmaryAir 
heating the ) ^" 



26.6 67. 8»' 



Total 



I 



26.6 



F — R - Calories Lost 

% of Lost Calories ^ ^^ - P 

% of Utilised Heat. Effi- 
ciency — U 



16.6 
16.0 



26.6 67. 8» 1 



37.0 57. 8» 



37.0 
6.1» 



67.8 34.0 66.1 i 37.0 67.8 42.1 



67. 8» 
-7.8^ 



9.7 
10.0 



8.1 
8.6 



2.4 

2.6 



84.0 90.0 91.6 97.6 



6.1 
6.6 



9.7 
10.0 



2.4 
2.5 



94.4 I 90.0 97.5 



65.1 

2.4 
2.6 

97.6 



Remarks. . 



» Total Air: 
seepage 116. 



1 Total Air. 

« The Recu- i 
peration limit 
<is exceeded; the 
|gaa could ab- 
sorb at 1000* 
15.12 Cal. ; at 
1600*, 44.4 Cal. 
if the equiva- 
lence of the 
Masses did nut 
limit the Re- 
cuperation. 



Total Air. 



» Total Air. 

«The Recu- 
peration limit 
IS exceeded : 
the gas could 
absorb at 
1000* 13.4 
Cal. and at 
1600* 44.4 
Cal. if the 
equivalence of 
Masses did 
not limit the 
Recuperation. 



• The efficiencies given above are remarkable; they are better 
than most of the corresponding cases of the Siemens and of mixed 
gas firing. This is to be expected, since the hot waste products 
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have a greater effect on the recuperation per molecular volume, and 
the mass of the waste products is not increased by their use, causing 
a useless waste of calories to be discharged into the atmosphere. 

However, it must be remembered that this class of furnace is, 
on the whole, entirely theoretical. Only single recuperation and 
that of the total air have been attempted,* and that only to a 
small extent, by using but a trifling part of the available waste 
products. The question of the preservation of the grate prevents 
any more complete application. 

We have greatly simplified the treatment of the problem by 
assuming the absence of the large amount of steam required for 
the injection of the waste products into the producer. If we take 
the case of the New Siemens furnace we see (Fig. 17) that it is pro- 
vided with three Koerting injectors, one in communication with 
the waste products flue, the second with the air chamber, the third 
with the atmosphere. The large amount of steam used reduces 
very largely the amoimt of waste products that could be used; it 
therefore brings this furnace very close to that of a furnace fired 
with mixed gas with secondary air recuperation and partial pri- 
mary air recuperation. The saving in fuel that this furnace has 
given in many instances is probably due to the very happy grouping 
of all the organs, the radiation losses being reduced in a large 
degree. 

If we take the case of a New Siemens furnace with a ruling tem- 
perature of 1000°, the heating of the primary air gives a maximum 
efficiency of 75.7% with Siemens gas, of 78% with mixed gas, and 
of 84% with the injection of the waste products. The recuperation of 
the secondary air brings the efficiencies respectively to 94.8, 89.4, 
94%. The efficiency of the New Siemens furnace should lie in an 
intermediate position with regard to these various figures. It 
may be safely said that this furnace will have a slightly better 
efficiency than either of the other two cases with simple recu- 
peration. 

In the case of the Siemens gas, when the total air is pre-heated 
the same efficiency — ^namely, 94% — ^is attained as with the in- 

1 F. Siemens has since patented a four-chamber reicenerative furnace with injection of 
waste products corresponding closely to the total recuperation by primary air. secondary 
air and gas. 
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jection of the waste products; therefore it is rational to inject 
into the producer an equal volume of waste products and heated 
air. The superiority of the New Siemens furnace is not so much 
due to the so-called regeneration of the carbon dioxide as to the 
total heating of the air. In any event, for medium temperatures 
this furnace is better than any other type of furnace using single 
recuperation.* 

^♦^At 1500P single recuperating furnaces have efficiencies of 60.50 
and 64.11% when iBred with Siemens and mixed gas respectively. 
Double recuperating furnaces fired with mixed gas give 84.3%. 
The difference between these efficiencies is too large to be over- 
come by the partial application of the so-called regeneration of 
the products of combustion. At this ruling temperature the 
New Siemens furnace may give better results than the first 
Siemens furnace with air siphon when fired with Siemens gas; but 
it will not equal that of furnaces with double recuperation fired 
with mixed gas. 

The New Siemens furnace is of a construction more economical 
than furnaces with double recuperation; it is better adapted than 
any other to furnaces of small capacities; and its regulation is 
easier than that of furnaces with natural draught. These are ad- 
vantages of enough importance under industrial conditions with- 
out a priori giving to the furnace a better fuel utilization, which 
theory disproves and which practice has not as yet shown. 

> When, as in preeent practice, only one-fifth of the available waste products is injected 
into the gas producer, the accrued economy is very low, from 1 to 3% This may be 
verified bv a simple calculation. If, besides, the waste products are cooled, the resulting 
economy is practically nil, — TranMl€Uor, 



CHAPTER VIII. 
Classification op the Various Types of Furnaces. 

In Table 11 we give a r6sum6 of the preceding chapters. This 
table gives the absolute value for the maximum heat utilization 
in the furnaces, from the purely theoretical point of view, without 
taking into account their degree of practicality. Therefore, from 
such tables we should not deduct the classification of the furnaces 
by merely taking into consideration the value of the utilized heat 
U. The classification so made would be exact only for furnaces 
capable of complete industrial application; for all the other cases 
there is room for discussion. 

On this basis, we will review briefly the foregoing study. 

For a temperature of 1500° and higher, the best furnace in use 
today, from the point of view of the utilization of the heat of the fuel, 
is the Siemens furnace, with double recuperation by the secondary 
air and gas when fired with mixed gas, the producer not having a 
siphon. Its recuperative efficiency is 85%. 

By pre-heating the primary air it would still be possible to 
gain a further 10%, since the limit of the triple recuperative fur- 
nace is 95%. The pre-heating of the primary air for such fur- 
naces would be less difficult than for furnaces with simple recu- 
peration, as heating the air to 800° would be sufficient to secure 
the 10% increased efficiency. 

This improvement, to be realized by the triple recuperation 
with mixed pas without siphon, would give a perfect utilization of 
the available calories of the fuel and be a solution of the problem 
which might be considered as final. * 

1 Let us recall that the triple recuperation furnace presents a special interest in the 
ease where to the mass of the products of coml)Ui»ti()n comes an additional gaseous mass, 
issuing from the material worked on the henrtli, ivfi in kIass furnaces. We have seen that 
the supplementary oflicioncy which would result is 3 to 4%. In this special industry a 
saving of 10 to 14% could be -ecurerl. This is a very appreciable advantage, nince the 
heating is continuous and the coat of the fuel is a very important item in the cost of pit^ 
duction. 
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With marked inferiority follow the furnaces with double recu- 
peration fired with Siemens gas, with an efficiency of 66%, closely 
followed in turn by the furnaces with single recuperation of mixed 
gas with 64%, and lastly the furnaces with single recuperation of 
Siemens gas with 60%. 

The furnaces with injection of the products of combustion into 
the producer have not been included in the preceding classifica- 
tion, since their industrial applications are very limited as yet; 
all that can be said of them is that they are superior to the last 
two tjrpes mentioned. In their present condition — ^that is, with 
a temperature in the ash-pit of 400° to 500° — they can give a better 
efficiency than the original Siemens furnace, but they are inferior 
to the Siemens furnace fired with mixed gas. 

The classification may then be condensed as follows: 

(1) Mixed gas furnaces with triple recuperation. 

(2) Mixed gas furnaces with double recuperation by secondary 

air and gas. 

(3) (a) Siemens gas furnace with double recuperation by air 

and gas. 
(6) Furnaces with injection of waste products into the pro- 
ducer (New Siemens furnace). 

(4) Mixed gas furnace with single recuperation. 

(5) Siemens gas furnace with single recuperation. 

(6) Direct-fired furnaces. 

In the case of medium temperature furnaces, say 1000°, the best 
furnace is also the double recuperative furnace fired with mixed 
gas, but it does not appear that the double recuperation has here 
a very great advantage. The difference in efficiency between a 
furnace with one pair of chambers (78%) and that of a furnace 
with two pairs (85%) is too small to warrant the increased cost 
and complexity of construction; the additional radiation from the 
extra pair of chambers may offset the difference. For such tem- 
peratures furnaces with one pair of chambers are to be preferred. 
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TABLE 11. 

CoiiPARATiyB Table or All Stbtbms of Fxtbnacbs at Ruuno Txupbratums or 

1000" and or 1600" 



Maximum Utilised Heat — U 



Claesification 



iooo« 

Diagrams of the Percentage of the Heat 
Lost - P and Utiliied - U 



Direct firing 



Siemens gas 



Mixed gas (Siemens 
with the permissible 
maximum water gas) 



Siemens ^as with the 
permissible m a x i - 
mum of regenerated, 
products of combus- 
tion , 




Industrial 
Applications 



Copper fumaoes, BoS- 
tius, Bicheroux fur- 



Retort fumaoes for il- 
luminating gas. 

No possible applica- 
tions. 

Partial application in 
some retort furnaces. 



Retort furnaces, Sie- 
mens, Lencauches 
furnaces for brass, 
etc. 

Kiemens furnace. 

Partial application in 
Kl6nne retort fur- 



No applications. 



Partial application in 
the New Siemens. 



No applications. 

Partial application in 
the New Siemens. 

No applications. 



Remark. — Direct, Siemens gas and mixed gas firinglhave Ireoeived complete industrial 
applications. M 
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TABLE 11 (Concluded) 



Minimum Lost Heat° 



-'^ 



Method of 
Recuperation 



No recuperation. 



1ROO» 

Diagrams of the Percentage ot the Heat 
LoBt- I' and of the Heat Utih«ed -U 



Single recuperation by 
the secondary air, 



Double recuperation - 
secondary air, gas. 

Double recuperation - 
secondary and prim- 
ary air. 



Single recuperation by 
the secondary air. 

Double recuperation •- 
secondary air, gas. 

Double recuperation » 
secondary and pri- 
mary air. 

Triple recuperation — 
secondary and pri- 
mary air. gas. 




Industrial 
Applications 



Puddling furnaces, 

?;lass and ceramic 
umaoes. 



Single recuperation by 
the secondary air. 



Double recuperation -^ 
secondary air. gas. 

Double recuperation — 
secondary and pri- 
mary air. 

Triple recuperation — 
secondary, primary 
air ana gas. 




Glass open-hearth fur- 
naces,. 

Bfartin - Siemens fur- 
naces for steel, glass, 
etc. 

No applications. 



Glass open-hearth fur- 
naces. 

Siemens furnaces. 



Partial application in 
the New Siemens. 



No applieatioDs. 



Partial application in 
the New Siemens. 

I 

No applications. 

Partial application in 
the New Siemens. 

No applications. 



The applications of the various cases, of the so-called regenerated produc^^^ 
tioo are wtW very imperfect or wanting; their classification offers, therefore, only a 
theoretical interest. 
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Today most of the furnaces with the ruling temperature of 1000** 
have single recuperation by secondary air alone, and are fired either 
with Siemens or mixed gas. We have seen that theoretically the 
two systems are equivalent at the temperature imder considera^ 
tion, and the selection to be made depends very much on the char- 
acter of the fuel. 




Fio 42. — Curves Showing, for Different Temperatures, the Thborbt- 
TCAL Economies Occurring from the Pre-heating of the Primary 
Air, Secondary Air and Gas.* 



It would be advantageous, however, if practical obstacles do 
not block the way, to introduce a system allowing the pre-heating 
of the primary air without increasing the number of the chambers, 
as in the Klonne furnace,^ or to send back under the grate 
part of the waste products, or to do both, as is done in the New 

1 Evidently the various economies are cumulative for a given temperature. Thus, if at 
a ruling temperature of 1 ,000° all three gas-currents arc pre-heat«d, the total resuliiog 
economy is 17 + 8 + 30 — 55% of the fuel which would be used if no recuperation was 
obtained. 

2See page HI. 
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Siemens furnace. For our purpose these various improvements 
tend toward the same end — a maximum efficiency of 94%; in the 
case of a partial application the various efficiencies would be about 
equal. 

All these applications are barred at present by the unsolved 
problem of the preservation of the grates. In supposing that the 
primary air is heated only to 400®, the economy to be realized 
would be 6%; this is not negligible in the case of continuous fur- 
naces, as those for illuminating gas. 

The classification of furnaces for temperatures of about 1000° is, 
then, as follows: 

(1) Furnaces with double recuperation by primary air and 
secondary air, or with injection of waste products in the producer 
(New Siemens furnace). 

(2) Mixed gas furnace with single recuperation. 

(3) Siemens gas furnace with single recuperation. 

(4) Direct-fired furnaces. 

We may finally remark that, for the industries using furnaces 
with the ruling temperature of 1000®, with direct firing, it would be 
a decided advantage to replace them by gas-fired furnaces, for 
there is thus an economy of 30% certain of realization. There 
remain still today many such industries in which the introduction 
of gas firing would result in increased fuel efficiencies. It is hard 
to imderstand because of such certainty why direct-fired furnaces 
are still in operation, unless it be that it is more difficult to find 
competent men to operate gas furnaces than men skilled in the 
running of direct-fired furnaces. 

For low temperatures f especially for steam boilers, there is little 
to expect from gas recuperation; the progress to be made lies in 
the more complete combustion of the fuel, without a great excess 
of air. 

The progress to be realized in industrial heating theoretically is 
not enormous. It means a saving of from 10 to 15% of the fuel 
in increased efficiency over the present best practice. This, how- 
ever, is worthy of serious c jnsideration under modem industrial 
conditions. 
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The successful introduction of gas firing depends largely on the 
appreciation from the industrial worid of the technical problems 
involved in the design of gas furnaces and in the knowledge of 
the science of their. practical operation. 

The preceding theoretical study has shown the maximum efficien- 
cies that could be expected from the various systems. The experi- 
mental testing of these efficiencies will be treated in the following 
chapters. 



CHAPTER IX. 

Experimental Study op the Heat Utilization 
IN Furnaces. 

The experimental determination of the heat efficiency of a 
furnace should be obtained by following the method pursued 
in the theoretical study which gave the general classification 
of all systems of recuperative heating. The starting point of any 
such investigation will evidently be the exact determination of the 
available calorific power of the fuel. This will serve as a term 
of comparison for all the quantities of heat lost and utilized in the 
various organs of the furnaces. In respect to these thermal quan- 
tities, we will be able to make their determination when we know 
the chemical composition and the temperature of the gases at the 
various points of division of the furnaces. 

If the scientific data which have enabled us to conduct our theore- 
tical examination are recent, still more so is the apparatus that may 
be used for the accurate experimental determination. The Mahler 
calorimeter which has rendered practical the Berthelot caloiimetric 
method was not brought out before 1892, and the thermo-electric 
Le Ghatelier pyrometer dates from 1889. 

Heai Balance-sheets of Furnaces, — The experimental determina- 
tion of the heat balance-sheet of a furnace has for its purpose 
the estimation of the ratio of the heat utilized in the hearth to 
the total available heat; also the values of the various heat losses; 
and, finally, the quantity of heat recuperated. 

The value of a furnace can be determined with accuracy only 
through such tests, and if the efficiency is foimd wanting it will 
be possible to find the reason therefor. They are, for furnaces, 
the equivalent of the complete tests which are made so frequently 
and with such good results on steam engines. Nevettheless, 
very few have been the number of complete tests made on furnaces, 
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hence it is difficult to make a well based comparison between the 
various systems of heat recuperation and the different types of 
furnaces suited to a given industry. This lack of experimental 
data is detrimental to progress. The example set by steam engin- 
eers should be followed by the men who have charge of gas-fired 
furnaces. 

It will be seen in Part II that the apparatus needed for the 
experimental determination of heat balance-sheets is simple as well 
as practical; we will show, by a typical example, that the work 
presents no special difficulties. The selected case is one of the 
more complex examples offered by works — ^that of a Siemens fur- 
nace fired with mixed gas, with double recuperation by air and gas. 

Experimental Methods. — ^The determination of a heat-balance 
sheet requires the following: 

(1) Heat utilized. 

(2) Heat carried away by the waste products. 

(3) Heat lost in the gas-producer by conductivity or radiation. 

(4) Heat lost by the radiation of the chambers. 

The suin of these four quantities of heat, taking our definition 
of the limits of the various organs, must be equal to the total 
available heat — ^that is, to the calorific power of the fuel. It 
follows that one of these four quantities can be determined by 
difference when the other three quantities are known; we will thus 
be able to make an accurate determination of the heat lost by the 
radiation of the recuperative chambers. This heat lost escapes 
any direct determination on account of the double action suffered 
by the traversing gases, heating or cooling by the checker work and 
cooling by the enclosing walls. A quantity of heat useful to de- 
termine is the amount of the recuperated heat, though it does not 
enter directly into the heat balance-sheet. It can be measured 
with accuracy in function of the temperatures and composition 
of the gases. This will give us the only exact means of comparison 
between the various systems of recuperation. 

If it is desired to obtain an absolutely exact test, it is necessary 
to weigh exactly the amount of coal, steam and water used in the 
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producers, beside making the usual gas analyses and heat de- 
terminations. It will then be possible to control synthetically 
the gas analyses. The test in this case must be made to cover 
a sufficient length of time, so that the weights of the coal and 
water may be accurate; the samples of gases are to be taken often 
enough to represent a fair average during the total length of the 
experimental period of time.* The samples of the coal used 
for the ultimate analysis and for the determination of the cal- 
orific power are to be taken from the fuel as it is charged in the 
producers. Twenty-four hours at least are required, and better 
36 in the case of large producers. 

The direct measure of the steam and water used is, however, not 
necessary for most tests. The determinations based on the temper- 
ature measurements, gas and coal analyses and determination 
of the calorific power of the coal are sufficient, if careful weights are 
taken of the fuel burned for 36 hours, and of the ashes produced 
during a corresponding period. 

Experimental Data Required for the Calculaiion of the Heat Bal- 
ance-Sheet of a Siemens Furnace with Double Recuperation^ Fired 
with Mixed Gas. — ^The experimental data required are the 
following: 

(1) Calorific power of the fuel. 

(2) Elementary analysis of the fuel and ash. 

(3) Analysis of the gaseous currents. 

(4) Temperature determinations at the various portions of the 
furnace. 

UJtimxUe Analysis and Calorific Power of the Coal, — ^These de- 
terminations are made on representative samples of the fuel, the 
sampling to be done with great care, as very often the large pieces 
of coal have a different composition from the fine. 

Mt iff by this method that we have made the test on a glass tank furnace, the result* 
of which have been published in the Annates des Mines. The test was carried out for 
36 hours, during which the weifchts of the coal and water used were taken; we were able 
to arrive directly at a fii^re which had been omitted in the chemical analyses. The exact 
measurement of the water corresponding to the amount of steam injected in the producer 
may prove difficult. The exact determination of the coal used is also almost impoasibU 
for a short period on account of the variations in the level of the producers. It is for theM 
Tarious reasons that a 24- (or better, a 36-) hour test is required. 
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The coal burned in our test had the following composition:^ 

Carbon. 82.50% 

Hydroaen 6.00 

Nitrogen 1 .20 

Oxycen 6.00 

Ash 4.10 

Hygrofloopic water 1 .20 

Total 100.00% 

Calorific Power 8210 caloriea. 

As the combustion of the coal is always incomplete, it is necessary 
to weigh the amount of ash produced, to sample it and to mal^ 
carbon and water determinations. It must not be forgotten 
that the ashes to be collected must come from the coal the sample 
of which has been taken. Thus, before the collecting of the ash 
is begun, sufficient time must be allowed for the fuel charged in 
the producer to have come down in the ash-pit as ashes. The 
time to be allowed depends evidently on the size of the producer 
and the method of running it. 

In our test the figures for the coal consumption and ash pro- 
duction were the following: 

Coal consumption (36 hours) 14500 kg. 

Ashes 3500 " 

Analysis of the Ashes: 

Water 28% 

Carbon 40 

Aah 82 

Total 100% 

The coal contained 14500 X 82.5 « 11960 kg. of carbon. 

The ashes contained 3500 X 40 « 1400 kg. of carbon. 

140 
The carbon of the coal escaping combustion is then-—- of the 

total carbon of the coal. 

We may write the composition of the coal as follows: 

Burned carbon 7^ 

Unbumed carbon 07 

Hydrogen 50 

Nitrogen 12 

Oxygen 60 

Hygroeoopic water 12 

Total 1000 

> The figures here used are taken from experimental studies, however; they do not 
all come from one such test. We intend to give here a numerical example to be used as 
a reference for future tests. It is not an actual furnace test. 
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The calorific power is to be decreased by the heat of cgmbustion 
of the carbon unbumed, which is equal to 

97 X 97.6 



12 



788 calories ' 



Calorific power of coal = 8210 - 788 = 7422 calories; cal- 
orific power per burned molecule (12 grams) of carbon of the coal: 

7422 X 12 _^ „^ , . 
— -— — « 122.35 calones. 
728 

Thus, the combustion of one molecule (12 grams) of carbon of 
the fuel will correspond to a liberation of 122.35 calories, coming 
from both the carbon and the hydrogen of the fuel. It is useful 
to thus compare to the burned molecule of carbon not only the 
total available heat, but also all the quantities of heat reacting 
in the furnace and all the gas analyses. The carbon is introduced 
in the furnace only by the combustion of the fuel (if we neglect 
the atmospheric carbon dioxide), so it is this element which can 
best serve as a imit of comparison.^ The determination of the 
carbon in a gas will allow the estimation of the weight of the fuel 
corresponding to a given volume of the gas, and thereby the cal- 
culation of the ratio of the calorific power of the gas to the total 
available calorific power of the fuel; also, since we have used the 
thermal capacities per molecular volume, it is, then, the molecule 
which is most convenient to use. 

Gas Ancdyaea. — ^Two analyses are to be made — that of the pro- 
ducer-gas and of the waste products. 

The samples taken must represent a fair average, and their 
multiplication can but be beneficial to accuracy. The waste pro- 
ducts are to be collected at corresponding times of two periods 
of inversion; if the inversions are made every half-hour, the sam- 
pling win be made hourly. The sampling of the producer-gas will 
depend on the charging, as the composition of the gas depends 

I A loss representing ^^^^ - 0.60% of the total available calories. 

* If carbonaceous matter is charged in the hearth, as in glass or cement furnaces, it is 
evidently necessary to make allowance for this extra supply of carbon by following the 
method used in the case of the ashes of the producers. 
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on the time elapsed since the last charge, and the hydrocarbona 
are in larger amount soon after the charging. The sampling 
should then cover the time of a full cycle of a charging of the pro- 
ducers. The collecting tube should evidently be placed on the 
flue common to all the producers carrying the gas to the furnace, 
and not located on the flue of a single producer. 
The analyses thus made in our test are as follows: 

VOLUMETRIC ANALYSIS OF THE PRODUCER-GAS. 

COa 6.10% 

CO 20.30 

Hj 13.20 

CH4 2.70 

N2 57.70 

Total 100.00% 

Water vapor 2 .50% 

The gas composition is to be compared with the molecule of 
carbon, the molecular volume is taken as the unit of volume 
in all the calculations that follow. H] 

The figures for the carbon dioxide, carbon monoxide and meth- 
ane correspond to a number of carbon molecules equal to their 
volume. Therefore the 100 volumes of dry gas or the 102.5 volumes 
of wet gas correspond to a number of burned carbon molecules: 

6.1 + 20.3 + 2.7 = 29.1 molecules 
CO, CO CH, 

each molecule having liberated 122.35 calories. 

VOLUMETRIC ANALYSIS OF THE PRODUCTS OF COMBUSTION. 

COa 14.30% 

Na 84.00 

Oa 1.70 

Total 100.00% 

Water vapor 8.70% 108.70% 

In this case, the composition of the products of combustion 
corresponds to 14.3 molecules of burned carbon, each having 
also liberated 122.35 calories. 

Measure of the Temperatures. — The temperatures should be 
taken at the following points: At the entrance of the producer- 
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gas in the recuperative chambers, and as near the inversion valves 
as possible. 

We assume this temperature to be 600*^ at the admission ports 
in the furnace of both the air and gas. Several determinations 
must be made, since the temperature varies from the beginning 
of an inversion to its end. Even in furnaces with parallel counter- 
currents, where there are a number of ports (as is the case in muffle 
furnaces for zinc distillation or for the manufacture of illuminating 
gas, and also in glass tank furnaces) the temperatures are not always 
uniform, and it is well to take readings at several ports. In this 
measurement it is absolutely necessary to introduce the p)rrometric 
cane well inside the ports, so that the thermo-couple junction 
is well in the outgoing gas current. It must be far enough inside 
to be protected against the heat of the hearth. The cane must be 
kept in position until the needle of the galvanometer has come 
to rest, indicating that an equilibrium of temperature has been 
reached. 

We have assumed these temperatures to be 1200® for both the 
air and gas. 

In the hearth, it is well to make several determinations, as far 
as possible during the time allotted between two inversions. 

We assume this temperature to be 1500°. 

The temperatures at the base of the stack must be taken at fre- 
quent intervals and as close to the inversion valves as practicable. 
The cane is placed in the flue collecting the waste products issuing 
from both chambers, and an average temperature of the two cur- 
rents is thus obtained. Great care is to be taken in this determina- 
tion; to avoid error resulting from cold air rushing along the sides 
of the pipe on account of the stack draught, the cane should be 
thoroughly luted in. 

It is seen that often a large number of temperatures are to be 
taken in a very limited time, the usual length of an inversion period 
being but 20 to 30 minutes. It has been found useful to place in 
position one thermo-couple at the gas flue, one at the stack, and a 
third one for the temperature determinations in the ports and 
hearth. The three couples are placed in electrical connection with 
the galvanometer by means of a switch-board, and it is thus an easy 
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matter to make a large number of determinationB in a compara- 
tively short time. 

The same method is to be followed in taking gas samples; as 
many samples as possible should be taken in order to obtain a 
representative average. 

The man in charge of the test has all he can do to attend to the 
pyrometric measurements, so he should have helpers on whom he 
can rely to take the necessary gas samples. 

We assume the temperature of the products of combustion to 
be 400^. 

It cannot be insisted upon too strongly that great care must be 
exercised if accurate results are to be obtained.^ 

Calculation of the Efficiency of the Furnace. 

We have 122.3 calories as the total available number of calories 
per burned molecule of carbon. We will find the total heat carried 
by the gas as it leaves the producer at 600^, for a volume of gas cor- 
responding to one molecule (12 grams) of burned carbon. 

The percentage of the calories lost in the gas producer can be 
obtained at once: 

Calcui«ation op tbm CAUOBino PowxR OP Pboducbb Qab at MXr 





% 


Sensible Heat at 600* 


Latent 


Heat 


Gas 


Per 

Molecular 

Volume 


In the Gaa 


Per 

Molecular 

Volume 


In the Gas 


CO, 


6.10 
20.30 
13.20 

2.70 
57.70 

2.60 


6.44 
4.31 
4.31 
8.02 
4.31 
5.87 


39.28 
87.50 
56.90 
21.65 
248.69 
14.67 


■ 68.2 

58.2 

196.2 




CO. 


13S4.5 


Ht 


768.3 


CHi 


527.0 


N............ 




HiO 










468.69 



2679.8 



Total heat 



3148.5 calories 



3148 5 
Per molecule of burned carbon -- ' - — 106.2 calories. 



> In the case of furnaces with parallel counter-current recuperation it is well to teat 
the leakage of air through cracks and breaks in the recuperators by taking samples of 
the waste products as they leave the hearth, before they enter the recuperator, and to do 
the same tning in the flue leading to the stack. It has come within the experience of the 
writer that a counter-current recuperative furnace appeared to give a good efficiency 
owing to a low stack temperature, due mereljr to considerable air leaks, which lowered 
the temperature of the waste products on their way to the stack. — TrantiUUor. 
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122.35 - 108.2 14.15 



122.35 122.35 



- 11.50% 



This represents the calories lost by radiation, convection and by 
the premature combustion of the carbon to carbon dioxide. ^ 

We will now calculate the heat utilized in the hearth, by finding 
first the total calories brought by the air and gas at the temperature 
of 1200^, and then the total heat carried away at 1500^ by the 
products of combustion. 

The calorific power of the gas at 1200® is calculated exactly in 
the same manner as has been shown for the gas at 600"* . It was 
found to be 3689.41 calories, or, per molecule of burned carbon: 

3689.4 1 

— - - - - 126.79 calories. 
29.1 

Volume of Air Injected in the Chambers. — ^This volume, taking into 
account the excess of air represented by the free oxygen, is derived 
from the anal3rsis of the gas and that of the waste products. 

20.3 YoluniM of CO require 10. 15 volumes Ot + 38.65of Ns 
13.2 " "Hj, •• 6.60 •• +25.18 

2.7 " "CH, " 6.40 " +20.66 

Exoeasofair 3.46 " 13.17 



Total volume of air 25.61 97.61 

123.12 

The sensible heat brought by the air at 1200® is 1114.2 calories, 
or, per molecule of burned carbon, — — = 38.29 calories. 

Total calorific power of the gas and air: 

3689.41 + 1114.2 = 4803.61 calories. 

4803 61 

Per molecule of burned carbon '- — = 165.08, 

29.1 

a number greatly superior to that of the fuel; the difference be- 

* The true loee in the producer (which, however, has no bearing on the efficieney <^ the 
other furnace organs) is: 0.60 + 11.50 - 21.10%. To this should be added the coal 
burned on the boder grate to generate the steam required for the injector when used. A 
total loss of 26 to 30% can be considered a fair figure as the total absolute loss in con- 
Terting the coal into gas. — Tranalaiar. 
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tween this total calorific power and that of the gas at its leaving 
the producer is due to recuperation. 



. „^ 165.08 - 108.2 56.88 

Recuperative Efjeci = — — - - = — — 
^ " 122.35 122.35 



= 46.60% 



The 56.88 calories are recovered from the products of combustion 
that otherwise would have carried them to the atmosphere. 

Calories Contained in the Products of Combustion at 1500°. — ^This 
quantity of heat is found as follows: 





Gas 


% 


Molecular Volume at 160(y» 


Total 


COj... 

o. 

Ni 

H,0... 


Total 


14.3 
1.7 

84.0 
8.7 


1 21.0 ' 
l} U.50 1 
18.50 


300.3 
985.55 
160 95 




1446.8 calories. 









Per molecule of burned carbon '— = 101.18 calories. 

14.3 

According to our definition of Heat Utilized, the difference be- 
tween the heat brought in the hearth and the heat carried away 
by the waste products gives the amount of the heat utilized: 

165.08 - 101.18 = 63.9 calories. 

63 9 

Percentage of the Heat Utilised = — = 54.23%. 

^^ ' 122.35 '^ 

Calories carried away by the waste products into the atmosphere: 



Gas 



COa. 
HO. 



J4.3 
1.71 

84.0 t 
8.7 



Thermal Capacities per Total 

Molecular Volume at 400** ' 



3.99 
2.82 
3.69 



57.06 

241.67 

32.10 

330.83 
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330 83 
Per molecule of bumed carbon — '- — = 23.13 calories. 

14.3 



23 13 
Percentage of heat lost = '- — = 18.91%. 

122.35 

We have, then, the following heat balancensheet: 

Heat lofet In gas-producer 11 50% 

Heat utiUsed(*U*) 62.23 

Heat lost in the waste products 18.91 

Heat lost by cooling of the recuperative chambers (by 

difference) 17.36 

Total 100.00% 



CHAPTER X. 

Discussion op the Theory of Heat Recuperation in the Liqht 

OP Experimental Data — General Conclusions 

AND Classification. 

The general study we have given shows that there may be a 
marked difference between the theoretical and the actual effi- 
ciencies. Thus our double recuperative furnaces fired with mixed 
gas had an efficiency of 52.23% ag;unst a theoretical efficiency 
of 85%. 

The calories lost by radiation in the producer and in the chambers; 
the premature combustion of the carbon in the producer, and in 
general all the practical conditions (in contradiction to our theo- 
retical study), had a marked influence on the efficiency. 

In order to preserve the correctness and exactness of the theory, 
as well as of the conclusions made therefrom, we must again take 
up our h3rpotheses and show that, while modifying the absolute 
values of the figures of the calculated efficiencies, they have little 
bearing on the relative figures; at least, they cannot change the 
order of the classification. 

Before taking up the general discussion, let us remark that 
the maximum efficiencies given in Table 11 are limits toward which 
the efficiencies of the furnaces will tend with the advance in furnace 
construction. 

If the classification is not mathematically correct today, it will 
tend to become more and more so in the future; on this account, 
alone, the classification is worthy of interest. 

We will show, however, that the order of the classification can- 
not be changed, with the understanding that the furnaces be built 
under similar conditions as regards the grouping of the various 
organs of the apparatus and of the cooling surf^^^es. ^ 

1 It 19 evident that two furnaces built along widely diflFerent lines may from this very 
reason show anomalous efficiencies. Thus, a weU-grouped furnace with single recuperation 
may have a better efficiency than a double recuperative furnace with its chambers in- 
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Our first hypothesis ' — complete fttel gasification in carbon monox- 
ide — is far from being realized. There is ahnost alwa3a9 about 
6% of CO , ^th 20 to 22% of CO. This premature combustion of 
the carbon lowers the efficiency by the increase it brings in the 
primary air and in the gas temperature; both results are harmful to 
good recuperation. Neglecting the slightly increased radiation in 
the producer resulting from the higher gas temperature, it is easily 
seen that this premature combustion cannot modify the dassifica- 
tion. 

It is permissible, in fact, to consider furnaces fired with gases 
containing 6% of carbon dioxide as one-fifth direct-fired furnaces, 
and the remaining four-fifths as gas-fired furnaces with the efficiencies 
we have given for the two systems. The differences between the 
efficiencies of the various systems will be modified in the ratio 4 : 5 
without altering their classified order. 

The second hypothesis concerns the invariableness of the ruling 
temperatvre throughout the furnace — in the producer, the hearth, etc. 

In furnaces working continuously, with Siemens invermon, the 
temperature of the chambers wiU oscillate about 100^ between the 
beginning and the end of an inversion, according to the time occur- 
ring between two consecutive inversions. These differences afifect 
only the sensible heat of the gases, and are small enough to be 
ne^igible. With parallel counter-current furnaces the invariable- 
ness is maintdned. 

The third hypothesis, in which we omit the cooling of the gae^ 
producer, has a greater importance. The heat loss has been fotmd 
to be 11.50%. 

For the same method of gasification and the same type of gas- 
producers, and operated in a like manner, this thermal loss will 
be a constant which will not affect our classification. If the change 
is made from Siemens gas to mixed gas, the cooling will be less in 
the second case than in the first, and it will give a further advan- 
tage to the mixed gas. This will serve only to increase the differ- 

rafficiently protected and not properly crouped for the prevention of radiation lo«ee. 
It will also be poemble to have a better efficiency with a New Siemena furnace than with 
a furnace with double recuperation with mixed ^;as. if the cooling aurfaoes of the latter 
are considerable. This would not, in any case, invalidate our theory or modify our con- 
elusions. 

* See page 67 for the hjrpotheses, which have been taken as the basis of the general 
theory. 
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ence indicated by the theory in the better recuperation and in the 
accentuation of the classification. 

The two hypotheses, which are also the least in accord with 
practice, remain — that of the neglect of the cooling of the recuperative 
chambers, and that which admits as possible a perfect exchange of 
calories between the cold and the hot gases. 

It has been found in our experimental test that the cooling of 
the chambers may reach 20%, and the gap between the tempera- 
tures of the waste products and the recuperated gases may be 300® 
for a temperature of 150CP. Finally, in spite of this difference, 
which reduces more than one-fifth the efficiency of the recupera- 
tion, the recuperated heat may be from 40 to 50%. 

These figures have weight and should be considered. In order 
to appreciate their influence on the efficiency we may note that 
both result from the nature of the recuperative organs, and if we 
show besides that they are functions of recuperation itself — ^that 
is, of the calories won from the waste products — ^we will have shown 
that their effect on the efficiency is proportional to the various 
efficiencies themselves, and therefore cannot modify the clas- 
sification. 

The volume, or more accurately the useful surfaces, of the re- 
cuperative chambers should be calculated to suit the exchange 
of the calories to be effected, according to the specific heats of the 
recuperating refractory bricks. These chambers will be the larger, 
and thereby their radiation will be the greater, the more efficient 
the recuperation. There will then be a certain relation between 
the loss by the cooling of the chambers and the recuperated heat. 

The difference between the final temperatures of the recuper- 
ating gases and the initial temperature of the waste products will 
have the same relative importance. Tliis loss is incurred only by 
the gases taking an active part in the recuperation, and the loss of 
calories resulting therefrom will be the greater the larger the mass 
of gases flowing through the recuperators, and therefore it increases 
with the bettering of the efficiency. 

This proportionality is exact if air is the only recuperating gas. 
In the case of producer-gas recuperation, owing to its high initial 
temperature, the radiation loss and the recuperative loss will in- 
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crease ^th the initial temperature of the gas. It follows that the 
mixed gas will again be more efficient than the gas of any other 
system. Our classification is thus made only more marked in its 
divisions. 

We have finally to appreciate the change that may be brought 
in the classification by the nature of the fuel. We made the hy- 
pothesis that the fuel was an ashless coke, containing nothing 
but carbon. It is evident that we might have repeated our var- 
ious calculations with different fuels, hydrogen, methane, etc.; but 
these substances exist only in smtdl quantities' in the coals, and 
such calculations would present only an academic interest. It will 
be sufficient to note that the presence of these bodies, which en- 
rich in so marked a degree the various fuels, will counteract in a 
way the premature combustion in the producer, and therefore 
will tend to bring closer the actual and the theoretical classification 
without changing the relative positions. 

It is permissible now to affirm that the classification of the 
various systems of furnaces, based on the calculated theoretical 
efficiencies, is .in accordance with practice, and can serve as a 
sure guide in the study and selection of the type of furnace to be 
used for a given set of conditions. 

Doubtless, furnaces may be found in practice that form an 
apparent exception to these laws; for example, a poorly designed 
furnace with double recuperation may consume more coal for a 
given work than a good single recuperative furnace; but from 
such a fact it is impossible, and certainly not legitimate, to draw 
any conclusion asserting the superiority of the second system 
over the first. 

The only objections worthy of consideration are those based on a 
complete heat halance-sheet, which alone can allow a logical criti- 
cism of a heating system. We do not believe that up to date there 
has been a sufficient number of such tests made to control ex- 
perimentally the theory of heat recuperation. To multiply such 
tests is vital to the progress of the art. They would constitute 
an ensemble of experimental facts, which, taken together with 
the undeniable theoretical figures, would make a proper judgment 
of "the furnace question possible. 
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In the absence of experimental data, the safer guide will be 
to rely on the theoretical efficiencies so much the more since the 
discussion has only confirmed their value. 

We believe that we may safely conclude: 

(1) In maintaining a new practical value of the table of ef- 
ficiencies, taken with the reservation we have given. 

(2) In asserting once more the two results that appear to us of 
the greatest interest: the actual superiority of furnaces with douUe 
recuperation with mixed gas in the case of high temperatures; 
the importance of improvement of gas-producers for the injection 
of higUy heated primary air, which alone wiU allow of a simpler 
recuperating apparatus with an efficiency higher than any in 
practical use today. 

The first of these conclusions concerns the present condition of 
the art. The second is an indication for the future which we 
hope may serve to show the desiderata yet to be realized. Though 
the theory of the maximum efficiency is established in a definite 
and permanent manner, the industrial efficiency is still subject to 
such variations that the classification given in our study may be 
modified in the future according to the never-ceasing progress in the 
science of heating.^ 

>We insist, forcibly, on the neoemity of complete heat balanoe-eheete, with records 
of gas analsrses and temperatures. Furnace builders seldom pay any attention to them. 
The only datum that interests them is the ratio of the weight of fuel burned to that of 
the metal treated. This, evidently, is of great importance to works managers, but we 
TWMtifjiifi that it is insufficient to estimate the value of a furnace, since it is not given to- 
gether with the length of the operation and the dimensions of the furnaces. 
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CONSIDERATION OF PRACTICAL PROBLEMS. 

CHAPTER XI. 
Pyrometry. 

From the preceding chapters we have seen that it is necessary, 
in making furnace tests, to be able to measure rapidly and ac- 
curately the temperatures in the various parts of the furnaces. The 
instrument to be selected for the work should therefore be portable, 
accurate, easy of handUng, and should allow the reading of tem- 
peratures at widely distant points. 

Of the many types of instruments the Le Chatelier thermo- 
electric pyrometer offers all of the mentioned desiderata. The 
thermo-electric instrument being small can be introduced into 
any part of the furnaces, and since a few seconds are sufficient 
for the establishing of an equilibrium of temperatures, it can serve 
to measure temperatures close to 1780° C, the melting point of 
pure platinum, without endangering the life of the wires. On 
account of the electric current generated, any number of thermo- 
couples can be connected with a single galvanometer by means of 
a switch-board; for the same reason the instrument may be placed 
at any convenient distance from the furnace. 

The Le Chatelier pjnrometer is thoroughly reliable, if ordinary care 
is taken of the wires. However, in order to be successful with the 
instrument, its limitations should always be borne in mind; these 
are due entirely to the nature of the metals forming the couple. 
Practically the same care that is to be taken with platinum ware 
is required with the wires of the thermo-couples. Platinum is 
readily attacked by the vapors of volatile metals; silver, zinc, an- 
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timony and copper are especially to be dreaded. In a reducing 
atmosphere, silicates and phosphates are also objectionable. 

In spite of the most thorough protection, platinum and its alloys 
suffer ph3^cal alterations, resulting in great brittleness, by mere 
continuous heating to temperatures above 1000**. Several types 
of galvanometers are made, giving good satisfaction, especially 
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Fio. 43. — E. M. F. CuRVBS of Different Thbrmo-Couples. 



the Siemens and Halske, the Fellin, and that of the Cambridge 
Scientific Instrument Company. 

The Le Chatelier pyrometer, though very widely used, has 
not yet received the universal approval that it deserves, probably 
from lack of knowledge as to its practicality. 

For the same reason great stress has been unduly placed on the 
importance of the composition of the thermo-couples. The truth 
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is that there exists a large number of thermo-couples, each with 
its own field, that give good satisfaction. With platinum couples 
the question of purity is important, especially with the platinum 
wire, as a slight amoimt of impurity will cut down the electro- 
motive force much more quickly than a corresponding amount 
in an alloy wire. 
Among the couples used by the writer are the following: 

(1) Pure platinum and an alloy of 10% rhodium and 90% 
platiniun. 

(2) Pure platinum and an alloy of 10% iridium and 90% platinum. 

(3) Pure silver and an alloy of 25% nickel and 75% copper 
(constantan). 

(4) Pure copper and constantan. 

(5) Pure silver and an alloy of 25% platiniun and 75% silver. 

(6) Pure iridium and an alloy of 10% ruthenium and 90% 
iridium. 

Iridium and rhodium give equally good results, with the material 
advantage for the iridium alloy that it is much cheaper, that it 
can be readUy obtained from any platinum refiner in sufficient 
purity for industrial work, and that it has a higher £. M. F. at 
temperatures above 1000° C. than the rhodium alloy. 

The ruthenium-iridium couple is useful only for high temperature 
measurements, those above the melting point of platinum. It is 
extremely brittle, but can be used up to 2100° C. 

The silver and platinum-silver couple is very convenient for 
temperatures up to the melting point of silver (962° C.) . This couple 
costs much less than the platinum element, and has nearly double 
its E. M. F. 

The constantan couples are very useful for low temperatures 
from 0^ C. to 300° C. They have very high E. M. F., with the 
further advantage of being cheap. 

It follows that we have at hand a ntmiber of couples from which 
we may select the one most suited to the work to be performed. 
The main point to be remembered is that, owing to the necessary 
standardization, we may use any couple giving concordant results. 
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It is only required to know the law of the E. M. F's. to be able 
to iise the couple with accuracy. 

Principle of the Thermo-Electric Pyrometer, — Whenever two 
metals in contact are heated, an electric current is generated which 
is a function of the temperature. In a circuit composed of a 
number of metals, the resulting current is equal to the algebraic 
sum of the various component currents. 

The E. M. F. of a couple is not altered when one or several metals 
are inserted between the metals of the couple. It follows that 
any metal can be used as solder; from this principle is derived the 
wire method of standardization of Holbom and Day (see 
p. 159). 

On account of the importance a minute quantity of impurity 
plays in the pure metal used in the thermo-couple, it follows that 
no two couples made from different ingots have exactly the same 
E. M. F. It is thus a useless refinement to provide the galva- 
nometer with a temperature scale; the use of that scale is limited 
to the use of the couple sold with the instrument, and does not 
entirely suffice for that, since the couple will change its E. M. F. 
after hard usage, requiring restandardization. 

When couples are to be used in large number, it is good policy 
to order a length of wire made from a single ingot, long enough 
for one year's supply. The wire lot should be sampled at both ends 
and at the middle, and all samples standardized. If all the sam- 
ples give the same results, the wire lot may be considered as homo- 
geneous, and no further standardization is necessary. 

For testing furnaces of temperatures ranging to 1600® C. and 
above, the iridio-platinum is to be used. Before making the 
couples, the wires should be annealed to a temperature equal to, 
or even higher than, that at which they will be exposed. The 
annealing is best done by an electric current, though it can also 
be done vdth the oxygen lamp. 

The junction should be made by twisting the wires together and 
melting the twist carefully with an oxygen blast until a globule is 
formed. Care should be taken to avoid t'vvisting and kinking the 
wires after the annealing. Even in perfectly homogeneous metals, 
a distorted section will, when heated, give rise to an electric current, 
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which of course will affect, in greater or lesser measure, the read- 
ings of the galvanometer. 

It must be borne in mind that the wires will not stand heating 
over 1000° C. for more than a few hours without serious change in 
their physical conditions, even with the best of protection against 
the contact of silicious material and surrounded by an oxidizing 
atmosphere. The writer has had wires in spelter furnaces for 48 
hours continuously, the temperature reaching 1500° C, but they 
gave correct readings as long as they were left undisturbed; the least 
jar was sufficient, on account of the induced extreme brittleness, 
to make them fall to pieces. The effect seems in this instance to 
have been purely physical, since the couples gave correct deflection 
to the last. This was ascertained by having a fresh standard 
couple inserted at the time of the breaking down. The brittle- 
ness is specially marked with the platinum allo3rs; the pure pla- 
tinum wire will still be in fair condition when the platinum-iridium 
wire has completely failed. 

With proper care the Le Chatelier thermo-couple can be used 
for a large number of tests. With the body of the couple properly 
protected, the length of the couple exposed need be only 3 cm. 
In such a case, the thermo-couple introduced into a furnace, say 
at 1600° C, will reach a condition of equilibrium in about five 
seconds, often in three; it is then possible to measure very high 
temperatures without danger of losing the wires, or of injuring 
them. 

A common false economy, in the case of the Le Chatelier thermo- 
couples, is to make use of wires of too small a diameter; usually 
the wires sold are 0.6 mm. in diameter. One millimeter is a better 
diameter, the increased cost being fully offset by the much greater 
resistance of the wires to corrosion and mechanical rupture. 

The cost of the Le Chatelier unstandardized iridio-platinum 
couples is about 75c. a gram ; the scrap wire can be sold for about 60c*. 

If constantan or silver wires are used, the cost is nominal. The 
writer knows of over one hundred couples put in furnaces, several 
years ago, for continuous record of temperatures below 1000° C, 
which are as good today as the first day they were put in place. 

1 Varying with the metal market. 
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Outside of the advantages that may result from the knowledge 
of the temperatures, the use of registering pyrometers always tends 
to insure regularity of operations. The men know very soon 
that there is in operation an instrument that records automatically 
the charging, tapping, reversing of valves, etc., and the moral effect 
is conducive to good work; very soon they will recognize in the 
instrument a valuable help in the correct operation of the fur- 
naces. Once the standard basis of good work has been established 
in relation to some automatically recorded factor, it may be good 
policy in some cases to give a premium for increased efficiency. 

In blast furnaces, it is good practice to have recording pyrometers 
on the bustle-pipe and on the down-comer (and on the equalizer if 
one is used), besides having a direct-reading instrument connected 
with the various ovens or stoves. The couple on the down-comer 
gives valuable information as to the running of the furnace, the 
position of the stock line, the time of charging, etc. 

The continuous record of the temperature of the waste gases at 
their leaving the chambers may also give interesting information 
regarding the regularity of operation of regenerative furnaces. 

Another use of the p)rrometer, outside of determining exact 
furnace temperature, is as a means of control of operations in the 
furnace, especially in connection with a recording galvanometer. If 
a fixed temperature relation exists between the walls of the fur- 
nace and those of the hearth, the thermo-couple will give just as 
useful information, placed in the wall, flush with the inner face, 
as if it were in the center of the hearth. The relation between the 
two points is easily ascertained by inserting a thermo-couple in 
the selected part of the hearth and comparing the readings given 
by the galvanometer when connected with either of the couples. 
As an instance of this method the writer installed thermo-couples 
in the walls of a number of blende-roasting kilns, the end of the 
firebrick protecting tube being flush with the wall of the kiln 
(Fig. 51). 

If care is taken to have a complete spare thermo-couple always 
at hand, it is a small matter to replace an injured instrument; all 
there is to do is to make the lead connections. The thermo-couple 
wires should always be soldered to the copper leads, and never 
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connected by merely twisting them together. The galvanometer 
may be located at any convenient place — a mile removed if neces- 
sary. Care must always be taken, in order to insure accuracy, 
to standardize the couples with the same length of wire as that 
used for the work. The necessary length of the copper wires may 
be actually used, or an equivalent resistance. 

It is to be remembered that the thermo-electric current gen- 
erated is proportional, not to the actual temperature of the thermo- 
j unction, but to the difference in temperature between the hot and 
the cold junctions. Care, therefore, should be taken to protect 
the connections of the thermo-couples with the copper leads (the 
cold junction) from undue heating; in case this protection is not 
possible, it becomes imperative to use a water-cooled end. This, 
however, is seldom necessary, as it is usually sufficient to make 
correction for the temperature of the ends, which is about that of 
the surrounding atmosphere. * 

Standardization. 

In order to find the temperature corresponding to a given de- 
flection in millivolts of the galvanometer, it is necessary to find 
the number of millivolts corresponding to known temperatures. 
Such temperatures are given by the melting and boiling points 
of chemical elements or definite chemical compounds. Mathe- 
matically speaking, with the pure platinum and iridio- or rhodio- 
platinum couples, it is sufficient to determine two points; by 
means of a logarithmic formula it becomes possible to find any 
other temperature corresponding to a given deflection.^ How- 
ever, both for rapidity and safety it is better in industrial work 
to use the graphic method. If, on a sheet of coordinate paper, the 
temperatures are plotted on one axis, the millivolts on the other, 
the intersections of the ordinates and abscissae will give a series 
of points l3dng on a curve characteristic of the couple. 

The fixed points to be selected are the following: 

* The mercury rheostat of William Henry Bristol affords an ingenioufl and effective 
method of comoensating this source of error: it is formed of a coil of wire sealed in a ther- 
mometer, the mercury of which cuts off a greater or lesser length of the resistance with the 
change in the ambient temneratnre. 

» S. W. Holraan, Proe. Am. Academy Arts and Sciences, XXXI (N. S. XXIII), p. 234. 
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Boiling points of Water, HsO 100<*C. 

Naphthaline, CioUs 218<* 

Sulphur, S 446» 

Fraeunc points of Zinc, Zn 419" 

Aluminum, Al 655" 

SUver, A« 962" 

Gold, Au 1066* 

Platinum, Pt 1780" 

For deteimining the boiling points of water, use naphthaline 
and sulphur, the apparatus of Barus (illustrated in Fig. 52). 

The bulb test-tube is inserted in a muff of plaster of paris, after 
having been filled about one-third its lower length with the sub- 
stance to be used; heat is carefully applied until ebullition has 
begun. Care should be taken, especially with the sulphur and the 
naphthaline, to keep the level of the vapors somewhat below the 
mouth of the tube, otherwise the vapors will catch fire. For these 
determinations it is not usually necessary to have any insulation 
around the wires in the test-tube; it is sufficient to spread them 
apart so that they will not touch each other and thereby short- 
circuit the current. From the test-tube to the galvanometer it 
may or may not be necessary to protect them. The wires of the 
thermo-couple may be led directly to the galvanometer or they may 
be connected to copper leads. The junction of the copper wires 
and of the couple wires may be inserted in a large-necked bottle 
containing water, in order to keep the cold junction at a uniform 
temperature; in most instances, however, it is a useless re- 
finement, since there are quite a number of other jimctions, name- 
ly, that of the copper leads with the binding-posts of the galva- 
nometers, and the different junctions in the body of the galvanom- 
eter, made in most instances of different metals. It is as 
well for all practical work to connect the leads directly to the 
binding-posts of the galvanometers and to note the temperature 
of the room. The complete standardization of a couple can be 
done in about two hours, and in that interval of time it is seldom 
that the difference of temperature will be more than a few degrees; 
the reading of the thermometer will give the means of making the 
necessary connections. Care is to be taken to have the galvanom- 
eter sufficiently removed from the source of heat. 
With the boiling points, the needle of the galvanometer will 
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Fio. 46. — ^Apparatus for the Determination of Boiling Points. 
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reach a stationary position when the thermo-couple junction 
has reached an equilibrium of temperature with the vapors. The 
junction should be placed well within the plaster muff, but not 
inside of the liquid. It is always well to allow the liquid to cool, 
and to re-heat it to the boiling point several times, in order to be 
certain of the results. 

When couples other than that of the platinum group are stand- 
ardized, it is well to protect the wires from the contact of the 
sulphur vapors; in such a case, a covering can be made of hard glass, 
as shown in Fig. 48. 




Fig. 47. — Apparatus for the Determination of the Boiling Point op 
Zinc. (From Le Chatelier-Boudouard-Burgbss' High Temperature 

Measurements.) 

For the determination of the melting points or freezing points 
the wires should always be protected; the best covering is afforded 
by porcelain tubes, as shown in Fig. 49. About 35 to 50 grams 
of the substance to be used is taken and placed in a small crucible; 
the No. 00 graphite crucibles are well suited for that work. For 
zinc, aluminum, silver, and copper, the crucible method is to be 
preferred, while for the precious metals, gold and platinum, the 
wire method is the best ; it is also well adapted to silver and 
aluminum. 
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Crucible Method, — ^The furnace to be used whenever possible 
is the electric-resistance furnace, the resister being either nickel 
or platinum wire or platinum foil, according to Heraus' method. 
In Fig. 50 is illustrated such a furnace; the wires are either plati- 
num or nickel. With platinum wires, pure nickel has been melted 
in a little over 30 minutes, starting with the furnace cold. The 
great advantage of the resistance furnace is that a perfectly uniform 
temperature can be obtained and maintained for any length of 
time, and that no reducing flames are present. For the wire 
method a tube furnace can be very well used. In Fig. 51 is given 
the design of a furnace that can be built at almost any works; 
it is comparatively cheap and highly efficient. The resister can 




Fig. 48. — Fletcher Furnace. 

be made of nickel, platinum wire or ribbon. If an electric furnace 
is not to be had, use can be made of the Fletcher furnace, using 
either air or oxygen blast. If a Fletcher furnace cannot be pro- 
cured, a simple and effective furnace is made, as shown in Fig. 49, 
by taking two crucibles fitting snugly one into the other. One 
of two tuyere holes are cut in the outside crucible and the blast is 
applied through the openings; the apparatus answers well for 
the melting of gold or copper. 

When making determinations it is well to insert the porceltiin 
tubes at the beginning of the operation before the flame is applied, 
so as to avoid the cracking of the tubes by too sudden a heating. 
The heating should be conducted slowly and continued until the 




Fig. 49. — Simple Apparatus for the Determination op the Msi/iino and 
Freezing Points of Metals. 



PYROMBTRY. 161 

metal is melted; this can be ascertained either by direct observa- 
tion by feeling the solid metal ingot with the porcelain tubes, or 
by the deflection given by the galvanometer. It is not necessary 
in the crucible method to watch for the melting point; once certain 
that the metal is fused, the heating is stopped, the furnace is allowed 
to cool slowly and regularly, and at the instant the mass has reached 
the freezing temperature, a well-marked stop is observed on the 
galvanometer needle. With proper care, and with gradual cooling, 
it is very easy to have the needle stationary for 30 seconds with a 
mass of 35 gr. It is always well to repeat the operation. 

Wire Method. — ^The wire method allows the determination of the 
melting points of the precious metals with the use of only a very 
small weight of the same. A 20-mm. length of this wire is twisted 
and soldered at the end of the wires of the thermo-couple, in such 
a way as to form the thermo-junction. (See Fig. 51.) Care is to 
be taken that the wire is not under tension, otherwise the thermo- 
couple wires would break the softened wire some degrees before 
the true melting point. The thermo-couple is inserted in a suit- 
able furnace, preferably an electric furnace, which is slowly heated 
to the required temperature. The needle of the galvanometer 
is abruptly released when the melting point is reached; the max- 
imum reading corresponding to the sought temperature. 

The determination of the melting point of platinum is con- 
veniently made at the time of the fusing of the thermo-junction. 
A twist some 10 nmi. in length is formed from the thermo-couple 
wires, and the flame of the oxygen blowpipe is made to play at the 
very end of the twist. The flame follows the bead of molten plat- 
inum in its travel toward the free wires; the fusion is stopped 
when the latter are bathed in the bead. The melting point cor- 
responds to the steady maximum deflection. Care is to be taken 
that the flame does not come in contact with either wire — their 
thermal capacities being less than that of the bead, they would be 
quickly cut. 

Electric Furnaces. 

The electric furnaces suited to p3nrometric work are limited to 
resistance furnaces or induction furnaces. Direct current being 




FiQ. 60. — QuENEAU Electtric Resistance CRrjciBLE Fuhnace. 
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most easily obtained, we will limit ourselves to the description of 
resistance furnaces. 

The resistance for high-temperature work may be formed of car- 
bonaceous material, metals and their alloys, and, according to the 
method of Nernst, of oxides of the rare earths. When the facility 
of construction, the cheapness of apparatus, the constancy of the 
resistance and the ease of getting the necessary materials are con- 
sidered, it is apparent that the choice will rest with the metallic 
resisters. Not that they give in themselves perfect satisfaction, 
but if the furnaces are operated within the safe temperature limits, 
the metallic resisters will prove satisfactory. We are evidently 
limited to metals or alloys with high melting points and those not 
readily oxidized. Thus we cannot go outside of the platinum group 
of metals, although for temperatures below 500^ C. it is possible 
to use nickel for considerable periods of time. 

According to the discovery of Dr. Heraus, of Hanau, the most 
efficient form of metallic resistance is in the shape of thin foils; 
they afford a very large radiating surface with a small weight, an 
important consideration with a metal as expensive as platinum. 

Broadly speaking, furnaces may be divided into crucibles and 
tube furnaces. A tjrpe of crucible furnace which has given good 
satisfaction is illustrated in Fig. 50. The furnace is enclosed in a 
cast-iron casing, inside of which is a first layer of plates enclosing 
in their turn an inner layer which form the hexagonal recess. On 
top and on the bottom the cavity is similarly completed with a 
double set of plates. The top, bottom and outside plates are made 
of good fireclay, mixed with the proper amount of firebrick sand, 
while the thin inner plates are made of magnesite, thoroughly cal- 
cined at a temperature higher than the highest temperature to be 
reached in the furnace. The calcined magnesite is mixed with a 
binder formed of a thick solution of dextrine, sodium silicate and 
some raw fireclay. The mold is provided with the necessary num- 
ber of wires to furnish the passages for the metallic resister. The 
type illustrated has plates with an inner face of 51 mm. by 110 mm., 
each plate having 10 holes. The plates are wired separately and 
mounted in series. 

By selecting the proper cross-section of wire, knowing the re- 
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sistance of the metal selected, it is possible to utilize the current 
at hand. It is always well to try the length of the wire selected in 
the open air; by sliding a movable binding-post it is possible to 
check accurately the calculations. The walls and bottom of the 
crucible chamber are made smooth by fflUng up aU inequalities in 




Fig. 51. — ^Electric Resistance Tube Furnace, Illustrating the Wire 

Method. 

the surfaces by what is known as asbestos cement (a mixture of 
shredded asbestos fibers and water-glass). 

With such a furnace the fusion of pure nickel is readily obtained; 
however, it is better adapted for temperatures up to 1300** C. as a 
maximum. With a rheostat it is possible to maintain a temperature 




Fig. 51a. — Cross-section of the Tube Furnace. 



constant to within a few degrees. The furnace was designed for 
the study of Stephan's law; it gave the radiation of a black body. 
The same type of refractory bricks, with perforations close to 
one of the faces, forms a material well adapted to the making of 
hot plates for laboratory works. By modifying the design to suit 
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special conditions it is possible to use the plates for the uoC-air 
bath, sand plates, stills/ combustion furnaces, etc. 

A tube furnace is Olustrated in Fig. 51. It is cheaply and easily 
buUt, the only expense being the cost of the metallic resister. The 
porcelain tubes which are commonly used as insulators in elec- 
trical wiring answer very well up to the highest temperatures 
obtainable with platinum wires. The wire, preferably rolled flat, 
or the Heraus foil, is wrapped along a helix of small pitch {\ in.) 
as uniformly as possible. (By tracing a helix first in pencil on the 
white porcelain tubing, it is an easy matter to make an almost 
perfect laying.) The ends being fastened by means of strings, a 




Fio. 52. — Siembns-Halbke Direct-reading Galvanometer for Le Cha- 
TEUBR Thermo-electric Pyrometer. 

jacket of asbestos cement is placed by hand over the wires and 
the cement allowed to dry. This drying operation may be effected 
more rapidly by connecting the ends of the wires with the poles 
of the source of electricity by means of a rheostat. The heating 
should be done very gradually until the jacket is sufficiently hard- 
ened. The tube is placed in the center of the sheet-iron body, as 
shown in Fig. 57, the space between the jacket and the sheet-iron 
walls being packed tight with a mixture of quicklime and charcoal, 
broken to hazelnut size. The lime will prevent the oxidation of 
the charcoal, and the mixture forms a good heat insulator. The tube 
is plugged by flat cylinders of graphite, cut from graphite brushes. 
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Pyrometric Galvanometers. 

The instrument should be "deadbeaf; that is, the oscillations 
of the needle should stop dead after a few vibrations. If the instru- 
ment is to be located permanently, the support should be made of 
a concrete or brick pier with independent foundations, so as to 
have as little vibration as possible. If vibrations cannot be alto- 
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53. — Pelun Registering Galvanometer for Le Chatelier Ther- 
mo-electric Pyrometer. 



gether eliminated, it is well to place a deadening pad of rubber 
between the coping and the pier. In order that the instrument give 
good readings, it must be perfectly level. It is well to check the 
level with a new pier, especially if there is any chance of settlement. 
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The coping of the pier can be made of a cast-iron plate about 
\i in. thick, with side lugs to be fastened to the cover-box of the 
instrument. The plate is purposely made thick to avoid placing 
any anchor-bolts. The cover-box is made with a glass top, and 
should be dustproof. r^4^ J?§ ^1 

The needle of a galvanometer in good order swings freely, and 
any retardation in its free motion shows that some obstruction 
is in contact with the moving coil. The instrument cannot then 
be relied upon, and should be overhauled. If the galvanometer is 
kept in a dust-tight box the trouble is not likely to arise, as such 



Fio. 54. — Sibmxns-Halskb Recording Galvanombtsr for Lb Chatbubb 
Thermo-electric Pyrometer. 

occurrence is due to careless construction; for this reason the in- 
strument should be always thoroughly tested before use. Before 
moving instruments that are used at intervals for checking other 
instruments or for testing furnaces, great care shoiQd always 
be taken to fasten the needle very carefiQly, and it iis also well to 
have for them a portable box especially built and well lined. 

For blast-furnace work the insulation of the couples is effect- 
ively done by the use of hard glass tubing. The couples being 
permanently installed there is very little danger of breakage, 
since all that is required is the insiQation of the two wires. For 
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the couple located in the down-comer, where it may be affect- 
ed by slips, the best protection to the couple is given by placing 
the wires in the usual double-bore clay tubes and then wrapping 
them with asbestos cord. As has been said before, by using a 
couple made of silver or copper and constantan it is possible to use 
the Le Chatelier pyrometer for temperatures as low as 100® C, 
and even lower. 

For blast-furnace work, where the temperatures of the gas 
currents in the bustle and down-comer are always below 1000° C, 
there is no possibility whatever of alteration of the couples. The 
writer knows of couples placed in the bustle-pipe of a furnace 
three years ago that are as good as when put in place. A com- 




FiQ. 55. — Optical Pyrometer of Lb Chatelier. 

plete installation, with two recording galvanometers — one for the 
bustle-pipe, the other for the down-comer — ^with couples at six 
stoves with a direct-reading galvanometer, can be installed at 
considerably less expense than any other type of recording in- 
strument; the indications, besides, will be found more accurate. 
As we have seen, the Le Chatelier pyrometer, in spite of its many 
advantages, has its limitations. It can be used for intermittent 
temperature determinations up to the melting point of platinum, 
say, 1780° C. Above this temperature it is necessary to use py- 
rometers based on different principles. The field is left at this 
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range to the instrument making use of some optical properties 
or employing heat radiation. Several very good optical .instru- 
ments have been brought out. 

Le Chaidier Optical Pyrometer, — ^The Le CJhatelier optioal py- 
rometer and its modification, the Fery optical pyrometer, measure 
the intensity of the red radiations emitted by heated bodies. The 
field of vision in a telescope is divided in two halves, as in pho- 
tometers; one half is lighted by a standard lamp, the other by the 
heated object under observation. The instrument having been 
calibrated by comparison with heated objects at known temper- 
atures, it is possible to know the temperatures of an object having a 
given emissive intensity. The instrument gives remarkably accu- 
rate and concordant results, even in the hands of the inexperienced. 
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Fio. 55a. 

By the nature of the instrument the observer is required to keep 
the eye at the objective, which causes fatigue if the observations 
are carried on for any length of time. With the Le Chatelier it is 
necessary to focus, while with the Fery the size of the object and 
its distance have no effect on the illumination. 

The oO lamp is not convenient for use in places where draughts 
exist; it is better, then, to replace the oil lamp by a low-voltage 
incandescent lamp, the current being produced by a battery. 

Holbom and Kvrlbaum, and Morse Pyrometers. — ^These two 
instruments, built on precisely the same principle, have an in- 
candescent lamp, the brightness of the filament of which is directly 
compared with that of the heated object. The current flowing 
through the filament is varied by a rheostat until the filament 
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disappears from view; the corresponding voltage is read on a 
voltmeter. By calibration against known temperatures the 
temperatures corresponding to the voltages have been established. 

The shape of the filament — a horseshoe in the Holbom and 
Kurlbaum, a spiral in the Morse — constitutes practically the 
difference between the two instruments. The lower limit of the 
instrument is 600° C. 

Wanner Pyrometer, — ^The light from a low constant voltage elec- 
tric incandescent lamp and that from the heated object under 
observation are polarized. The instrument is a modification of 
Konig's spectrophotometer. The observer matches the illumi- 




FiG. 56. — Fery Heat-Radiation Pyrometer. 



nation of the standard half of the field by turning an analyzer. 
The angle through which the analyzer is rotated is a measure of the 
temperature. The instrument gives very concordant and accurate 
results. It cannot be used below 900® C. 

Remarks, — ^These optical instruments in the hands of trained 
men can give accurate results; however, they all present the same 
difficulty — that of matching two illuminated surfaces, thereby 
requiring the constant attention of the operator. Care has to be 
taken in regard to the age of the lamp and the constancy of the 
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current. The indications of the instruments are not reliable if 
the heated object is strongly lighted by sunlight. 

HeatrRadiaiion Pyrometer. — ^The heat radiated from a heated 
object varies according to Stephan's law (mathematically demon- 
strated correct on thermodynamic considerations), as the fourth 
power of the absolute temperature. In the F6ry radiation pyrom- 
eter the heat radiated is measured by means of a very sensitive 
thermo-couple, formed of constantan and copper (constantan being 
an alloy of 75% copper and 26% nickel). The thermo-junction ia 
heated and an £. M. F. is generated, the measure of which is given 
by a d'Arsonval galvanometer. The instrument is calibrated by 
comparison with the Le Chatelier thermo-electric couple up to the 
melting point of platinum; above that by extrapolation. 





Fig. 67. — Fery Hbat-Radiation Pyrometer, LiBNS Type. 



In Fig. 57 is given a section of the instrument. The thermo- 
electric couple is formed by two extremely thin wires supported 
by D and C, electrically connected to the binding-posts b, V, In 
front of the couple is placed a cross-shaped metallic screen, C, which 
leaves only the thermo-junction exposed. Once the image of the 
body under observation covers the thermo-junction, the instru- 
ment becomes independent of the dimensions of the object. 

The minimum distance is 1 m., for which distance the minimum 
diameter of the object must be 3 cm. With a larger diameter the 
distance of observation may be largely increased; for example, 
with a diameter of 60 cm. the instrument may be placed at 20 m. 

The instrument has to be focused for each distance; however, 
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the indications are rendered independent of the distance by means 
of the diaphragm E, the cone of heat rsys falling on the thermo- 
junction having thereby a constant angle, whatever the distance. 




FiQ. 68. — Fery Heat-Radiation PtrombteR; Mirror Ttpb. 

This type of apparatus is well suited to the observation of tem- 
peratures above 900® C. Below this, and in fact up to 1100° C, 
the absorption of the heat radiations by the lenses is unduly high. 
The instrument illustrated in Fig. 68, of the telescopic type, has a 






Fio. 69. — ^Focusmo Dbvicb of the Fery Hkat-Radiation Pyrometer, 

Mirror Type, 



sensitiveness ten times that of the other for the lower range of tem- 
perature. It will give correct readings down to 300^ The instru- 
ment has the same construction as to the means of eliminating 
the factors of distance and dimension of the objects under ob««er- 
vation. 
The correct focusing ia assisted by two small mirrors, m, m', 
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through the use of which the image of the object appears distorted 
when the focus is taken too short or too long (as shown in Fig. 65). 
As the thenno-couple is never exposed to temperatures of above 
80** C. as a maximum, it preserves absolutely the constancy of its 
E. M. F. The instrument once set up, sighted and focused, no 




FlO. 60. — CAliBRIDGE SCUCNTIFIC INSTRUMENT COMPANY DiRECT-ReADINO 

Galvanometer for the F^ry Heat-Radiation Pyrometer. 



further adjustment is required. The temperature of the body is 
automatically shown on the dial of a dead-beat galvanometer, 
giving, therefore, practically instantaneous readings. 

The instrument being absolutely free of the personal equation, 
any workman with ordinary intelligence, without previous training, 
can make accurate observations. The indications of the instru- 
ments are not affected by the extraneous lighting of the observed 
body, which may be an ingot under treatment through rolls or 
under presses. The instrument is also made self-registering. 



CHAPTER XII. 
Gas Analysis. 

The methods here given apply only to technical analysis, in 
which results correct to within 0.5% are amply sufficient. The 
gases to be analyzed may contain the following: Oxygen, carbon 
dioxide, carbon monoxide, hydrogen, methane, ethane, ethylene, 
nitrogen, water vapor, etc. 

In producer-gases, with which we have mainly to deal, the heavy 
hydrocarbons seldom occur over 0.6%, and it is usually sufficient to 
reckon them as heavy hydrocarbons without further differentiation. 
It is of prime importance that the anal3rses be made in the shortest 
time possible. 

In large works it is often impossible to have a special laboratory 
located conveniently to the various furnaces; in such cases it is 
necessary to utilize the first handy location. It follows that, for 
technical analjrses, preference should be given to methods requir- 
ing simple apparatus and a minimum time. AU methods in which 
mercury is used should be discarded. Determinations made with 
explosion burettes and eudiometers filled with water cannot be 
regarded as accurate, as the pressure exerted during the explosion 
is sufficient to dissolve a large amount of the carbon dioxide formed. 
It is also often necessary, for weak mixtures, to add oxyhydrogen 
gas, which requires a generating apparatus. The method of 
burning the gases by means of a spiral of platinum wire necessitates 
the use of an electric current. 

The method here outlined has been found to give sufficiently 
accurate and concordant results with a minimum expenditure of 
time and apparatus. The water vapor is absorbed by a Liebig 
bulb filled with concentrated sulphuric acid. This is done very 
conveniently while the sample is being taken. The carbon dioxide 
is absorbed by a 33.3% solution of potassium hydrate, the heavy 
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hydrocarbons by strong bromine water, and the oxygen by an 
alkaline solution of pyrogallic acid ; carbon monoxide is absorbed 
by an acid cuprous chloride solution. The hydrogen and methane 
remaining are burned by means of a Dreschmidt capillary platinum 
tube, the carbon dioxide formed being absorbed in a potash solu- 
tion. A complete gas analysis can thus be performed in an hour, or 
even less, the time varying according to the skill of the operator. 

Sampling. — ^This can be done by introducing a piece of gas- 
pipe into the flue, the pipe being of such length that its opening 
will reach about the middle of the flue. The pipe should be 
large enough to allow the placing of a loose wad of asbestos fiber 
to collect any dust, soot and tar that may be present in the gas. If 
the flue is built of bricks, the work is quite simple; if the flue is 
of sheet iron, in order to have the pipe reach inside it is convenient 
to use the shape of pipe illustrated in Fig. 61. The required length 
of pipe to be introduced in the flue is reduced in diameter so that 
it will easily pass through the hole drilled for the main portion of 
the pipe; thus the hole is tapped and the conical shoulder threaded. 
It is convenient to reduce the diameter of the pipe at the other 
end to about one-quarter inch in order to screw on a quarter-inch 
gas-cock. 

Sample Tubes. — ^The tubes have a capacity of about 300 cc, 
with capillary ends provided with three-way stop-cocks, as shown 
in Fig. 61. These cocks are very convenient, as they allow the 
removal of air, always present in the open end. The tubes, gen- 
erally a set of twelve, are handily carried in a box made especially 
for them. 

It is better not to fill the tubes with water before the taking of 
the samples, as in all instances it is well to pass a rather large 
amount of gas through the tube, the last trace of enclosed air being 
thus removed. In very cdd weather, if the flue is exposed to 
the outside temperature, it is almost impossible, if the tubes have 
been filled with water, to prevent the freezing of the water in the 
capillaries. In all technical analyses the determination of the 
water vapor shoiQd alwaj^ be pnade. In the making of producer- 
gas, it is usual to consume fully 10%, and sometimes 15%, of the 
total fuel burned on the steam-boiler grate; the water-vapor con- 
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Fig. 61. — ^Apparatus por the Determination of Water Vapoh in Gases. 

The Sample Tube is shown inserted between the Mariotte Flask and 
the Safety Sulphurio-acid U-Tube. 

tents will give in all cases important indications; the determination 

is, as we have seen, absolutely necessary in making furnace tests. 

Water-Vapor Determinalion, — ^This can be done either by the 
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determination of the dew point, as shown by Mahler *, or preferably, 
in industrial practice, by actual weighing. A fixed voliune of gas, 
at least three liters, is passed through the liebig tube on its way 
to the sample tube (Fig. 61). The gas is drawn under a constant 
head of water by means of a Maiiotte flask, of 5 liters or more 
capacity. The wdght of the Liebig bulb being determined before 
and after the operation, the difference in weight will give the weight 
of the water vapor contained in the volume of gas taken; knowing 
the molecular weight of the water vapor, 18 grams for the molecular 
volume 22.32 liters, it is an easy problem to find the corresponding 
volumetric percentage of the condensed water weighed. 

The Liebig bulb should be connected to the gas-cock with as 
short a piece of tubing as possible, the length of the iron sample- 
tube being such that the temperature of the cock will never be so 
high as to cause the rubber to soften and distillate; on the other 
hand, it should not be so long that the temperature of the issuing 
gases will fall below 100^ C. This is very important in order to 
avoid the premature condensation of the water vapor. The red 
or white tubing is better suited for this connection than the 
black, as it will stand a higher temperature. 

The quantity of gas passed through the Liebig bulb is ascer- 
tained by catching the water escaping from the Mariotte flask, in 
a vessel of known capacity. If the voliune of the recipient is 3 liters 
or over, it will be sufiidentiy accurate to measure the water used, 
without having recourse each time to weighing. 

The Liebig bulb is followed by a U-tube filled with glass beads, 
moistened with concentrated sulphuric add, in order to prevent 
the contamination of the Liebig bulb by the water vapor from the 
Maiiotte flask. One Liebig bulb is always sufficient for the total 
absorption of the water vapor ; trials have been made with two 
bulbs, and the second one never increased in weight. It is con- 
veni^it to make a frame to carry the train of apparatus. 

liVith strong stack draught it may be found that the gas will 
not flow; this is easily remedied by increasing the length of the 
dischaige tubing from the Mariotte flask, thus increasing the head. 
As in all other chemical work, for accurate results it is of prime 

t p. Mahler. ** Etude eur lee Combiutiblee, Solidee. liquides, Qaeeux," p 51. 
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importance to perform all operations, as far as practicable, mider 
the same conditions. 

The room selected for the analytical work should be kept, as far 
as possible, at a miiform temperature. A large supply of water 
necessary for the various determinations should be kept in a suit- 
able reservoir, so that the water used in the analytical process shall 
be at the prevailing temperature of the room. 

For practical purposes, it is better to use pure water rather than 
a saturated solution of sodium or magnesium chloride, as the salt 
solutions, by capillary action, cause a deposit of the salt in all 
the joints and cocks of the apparatus used. 

It is well, to insure accuracy, to saturate the water used with 
the gas in use. The composition of the producer-gas in a plant 
using the same grade of coal and in good running condition is very 
nearly constant; it ijs then sufficient to pass a stream of the gas 
through the bottle; this will insure a constancy of condition better 
than the using of salt solutions. Since the method selected is 
rapid, requiring in the hands of a trained man less than an hour's 
time for a complete analysis, it follows that it is an unnecessary 
refinement to make corrections for temperatures, vapor tensions 
and barometric pressure. If this is thought desirable, however, 
it is a simple matter. The errors resulting from this neglect, when 
the work is otherwise properly conducted, are usually of a smaller 
order than the other errors introduced by the use of water, un- 
saturated reagents, errors of reading, etc. 

Several very good forms of apparatus can be used for technical 
gas analyses, all giving satisfactory results. In order of accuracy, 
we may mention the Hempd, the Elliott and the Orsat. This 
order is changed if the rapidity of the determination is considered;^ 
it then becomes the Elliott, the Hempel and the Orsat. For 
technical work when the analyses have to be made in rooms not 
especially adapted to the purpose, the writer gives preference to the 
EUliott apparatus, which has only one absorption tube. The ap- 
paratus is placed in a fixed position, and there is very little chance 
of breakage. With the Hempd apparatus a number of absorption 

1 A new type of Oraat apparatus has lately been put on the market. The gaa under 
analysis Is made to bubble through the reagent's burettes: the time of absorption is thus 
much reduced. 
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Fig. 62. — Elliott Apparatus for Gas Analysis. 

pipettes are required, and unless a troublesome record of the quan- 
tity of gases absorbed by each pipette is made errors may be 
introduced by the use of too old reagents. The manipulations 
are also much more complicated than with the Elliott modification 
of the Bunte burette, as fresh reagents are introduced every time; 
this, naturally, means an extra waste of materials. 
We will confine ourselves to the description of the method we 
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have followed in the Elliott gas apparatus. For the description 
of the Hempel apparatus, we will refer to the excellent work of 
Dr. Hempel on the subject. It is very important that the deter- 
minations be conducted under similar conditions. 

The filled sample tubes are left to stand in the room long enough 
to reach the surroimding temperature. The burette readings are 
to be made always after the same lapse of time. This is to 
give the water the same time to run down the walls of the 
tube; for this purpose a small sand-glass is very convenient. The 
same volume of gas, to within a few cubic centimeters, should be 
taken for analysis each time. It is useless to try to measure an 
exact number of cubic centimeters — say one hxmdied — since, 
with methane present, calculations are always necessary. The 
calculations are, furthermore, very simple, especially with the use 
of a slide-rule ^ The same quantity of wash-water should be 
used in each case, care being taken to avoid handling the tubes, 
as the heat conducted suffices to vitiate the results. If all these 
precautions are taken, even with unsaturated reagents, an ac- 
curacy of 0.5% is attainable with the Elliott apparatus. 

PotcLsh Solution. — ^A solution of 33% strength is made by dis- 
solving one part of commercial potash sticks in two parts of water. 
It is well to make enough at one time to last for a lai^ number of 
analyses, as it cannot be used immediately after preparation on 
account of the exothermic reaction, the solution becoming very hot. 

Bromine Water, — ^A saturated solution is obtained by placing 
100 cc. of bromine in 900 cc. of water; it is not necessary to in- 
troduce any of the bromine in the absorption tube, the saturated 
water solution being sufficient. 

Alkaline SohUion of PyrogaUol. — Five grams of pyrogallol are 
dissolved in 15 cc. of water; in another beaker 80 grams of com- 
mercial potash are dissolved in 200 cc. of water; the two solutions 
are then mixed. The solution must be kept in a well-corked bottle, 
to prevent the access of air. 

Cuprous Chloride SoliUion. — ^The choice lies between the ammonia- 
calsolution of cuprous chloride, or an acid solution. The acid solution 
has a more energetic absorbing power and is more easily prepared. 

» The 7-in. Sexton omnimeter, a circulAr Mide-rule. is pertimlariy «enriceahle 
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Many tests have satisfied the writer that one absorption with 
about 25 cc. of the fresh solution will completely remove the car- 
bon monoxide. The solution is prepared as follows: 1000 grams 
of cuprous chloride are placed in a 2500 cc. bottle; 1000 cc. of 
water are added, then 250 cc. of concentrated hydrochloric acid; 
as many lengths of copper wire are introduced as is convenient, 
and the bottle is then filled with water to the neck and a good rub- 
ber stopper inserted. The bottle is thoroughly shaken. The 
solution will be turbid and brown-colored at first, but after 24 
hours will become thoroughly limpid; it is better to have the 




PoeiTioN No. 3. Position No. 4. 

Fio. 63. — Showing the Various Positions of Three-way CJock, F. 

solution in a dark-colored bottle, as the light affects it. The 
measuring-tube is protected from sudden changes of temperature 
by means of an air-jacket; water may be used, but is not necessary. 
ManipiUalion. — ^The sample-tube, having reached an equilibrium 
of temperature, is connected with the water-bottle by means of 
rubber tubing on which a pinch-cock is inserted. The air in the 
tube and in the capillaries is forced out by water before the three- 



182 



INDUSTRIAL FURNACES AND METHODS OF CONTliOL. 



way cock is opened. The upper capiUary of the sample-tube 
is now connected with the measuring burette by means of a cap- 
illary ell, and the air in the connections is removed by forcing 
water through the three-way cock of the burette, by bringing 
the water-bottle A to the upper level. The bottle C is placed on 
the table, and the cocks of the sample-tube as well as cock F of 
the burette are opened to position No. 2; the gas will now flow 
in the burette. When the proper amount has collected, F is changed 
to position No. 3. The upper three-way cock of the sample-tube 
is also closed, and the capillary connection between the burette and 
the sample-tube removed. The volume of gas in the burette is 
read by raising bottle A until the levels of the water in the bottle 
and in the burette are on the same horizontal plane. The reading 




Position No. 3. 
Fig. 64. — Showing Various Positions op Three- w at Cock, G. 

is noted, the bottle A raised to its upper position, the bottle B 
lowered to the table, and the cock F is opened to position No. 4, 
and cock G to position No. 1. The gas is now confined in the 
absorption tube. Cock G is brought to position No. 2, and F 
to position No. 3. The gas is then under a slight depression. 
The reagent cup R is filled half-way with the potash solution, and 
cock U is turned to position No. 2, so that the solution will flow 
uniformly in small ripples down the walls; when the solution 
ceases to flow, or merely flows more slowly, cock is turned to 
position No. 3, very slowly; special care is to be taken here to 




Nol. 
Fco. 66. — Showing the Various Positions of Thrse-way Cock, H. 
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avoid an inrush of air. Cock H is turned to position No. 1 as soon 
as the potash solution nears the capillary. F is opened for a few 
seconds to wash the connection, after it has been brough tto po- 
sition No. 3. ff is brought to position No. 3, and a small amount of 
wash-water is allowed to flow; H is then turned to position No. 1. 

The gas, which is now free of carbon dioxide, is to be brought 
back to the measuring burette; to effect this operation the bottle 
B is brought to a higher level, G is turned to position No. 1, and 
F to position No. 4; the bottle A is lowered to the table; the 
gas will now flow into the burette; the water is allowed to flow in 
the capiUary down to the zero mark, F is turned to position No. 
3, and, as before, the volume of the gas is measured with the usual 
precautions. 

If the gas contains ethylene, C2H4, the next absorption will be 
by means of bromine water; the potash solution left in the ab- 
sorption tube must first be thoroughly removed. If no ethylene 
is present, the next absorption is by means of an alkaline solution 
of pjnrogallic acid; the potash need not be washed out in this case. 

To wash the absorption tube, G is turned to position No. 3, and 
H to No. 2; the tube is thereby emptied, and wash-water is in- 
troduced into the cup, a little at a time; the flow must be regulated 
so that the water will run entirely along the walls; finally H is 
brought to No. 3, and some more wash-water allowed to flow. 
H is then turned to position No. 2, G to position No. 1, and the 
absorption tube is filled until the water overflows into the cup R. 
Bottle B is then lowered to the table, A is brought to the upper 
level and F is turned to position No. 4, the gas being transferred 
to the absorption tube. The cycle of operations is now the same. 
The bromine water is introduced into the tube; to remove the 
vapors of bromine which have a high tension, some potash solution 
is introduced after absorption. The gas is then removed to the 
burette and the contraction measured as before. 

Oxygen, — ^The next gas to be determined is oxygen. The ab- 
sorption is effected by means of the alkaline p)rrogallol solution. 
When no ethylene is present, this absorption is effected im- 
mediately after that of the carbon dioxide, the potash solution 
being left in the absorption tube. Care should always be taken 
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to remove the reagent solutions from the upper part of the absorp- 
tion tube and in the capillary connection, in order not to con- 
taminate the water contained in the measuring burette. The 
manipulation given imder the determination of carbon dioxide 
should be adhered to. The pjrrogallol solution is to be thoroughly 
removed before the next ateorption, that of carbon monoxide. 

Carbon Monoxide. — ^The acid cuprous chloride solution is in- 
troduced into the tube, about 26 cc. being used. The solution is 
allowed to flow freely along the walls, this being easily accomplished 
by having the tubes of the apparatus in a vertical position. The 
tubes, however, should be thoroughly cleaned before erecting 
them, to remove any greasy film that would prevent the solutions 
from wetting the walls. 

Though the vapor tension of the cuprous chloride is small, it 
is better to introduce some potash solution before passing the 
gas into the burette in order to absorb the vapors of hydrochloric 
acid. The volume of gas remaining is measured, and the con- 
traction is equal to the amount of carbon monoxide present in the 
gas. The remainder of the gas consists now of hydrogen, methane 
and nitrogen. 

Hydrogen. — ^The gas can be burned by passing it over palladium 
asbestos; below 100® the methane is not affected. In any event, 
combustion has to be resorted to for methane. It appears, there- 
fore, quicker to subject both gases at the same time to combustion. 

We have seen that, with water as the confining liquid, explosion 
is not to be recommended. The combustion is effected by using 
the Drehschmidt tube or the Coquillon platinum spiral, heated 
by an electric current. For practical purposes preference is to 
be given to the Drehschmidt tube, which requires no electric cur- 
rent, but simply a gas-jet or an alcohol lamp. 

The Drehschmidt Tvbe consists of a capillary platinum tube 
100 mm. long with a diameter of about 0.7 mm. internal, and 2.5 
mm. external. The tube is soldered to the copper tubes at each 
extremity, as shown in Fig. 72. The ends of the platinum tube 
should extend for about 10 mm. inside the copper tubes, so that 
the soldering may be thoroughly cooled. The copper tubes are 
about 2.5 mm. inside diameter, 3.5 mm. outside, and are U-shaped. 
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Fio. 67. — Section or the "Ados" Automatic Gas Analyzer. 
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Four or five platinum wires are inserted throughout the length 
of both the platinum and copper tubes; the wires maybe 0.008 mm. 
in diameter. 

The two copper tubes are to be thoroughly cooled; an easy way 
is|to insert the U portions of the tubes in deep beakers filled with 
water, the beakers being protected from the radiation of the flame 
by asbestos cardboard. Cooling by means of a stream of water 
is to be avoided, as it requires rather complicated apparatus. 

The combustion is effected in the capillary tube through the 
catalytic action of the platinum at a good cherry heat. The 
wires assist in giving additional points of contact, and they also 
decrease the free volume inside of the tube; in case of rich mixtures 
there is a possibility of an explosion. There is little likelihood, 
however, of its being carried back into the burette, on account 
of the low temperature existing in the copper tubes, which would 
bring the gas below the explosion temperature. 

The apparatus required for the use of the Drehschmidt tube 
is shown in Fig. 66. The tube is connected with the two burettes 
by means of rubber tubing. The gas is transferred to burette X, 
and enough air, with about 10% excess, is then introduced to 
insure the complete combustion of the gases. The total volume 
of the gases is measured. The tube is thoroughly shaken to pro- 
mote a good mixture. The burette is again connected with the 
copper tube; meanwhile the heating apparatus is placed imder the 
platinum tube. When the tube has been brought to a cherry 
heat the gases are passed slowly through the tube from one burette 
to the other. Care is to be taken to avoid introducing any water 
into the copper tubes. The gases are passed four or five times, 
the last pass bringing them in the measuring burette. jP is turned 
to position 3, the Drehschmidt tube is removed and the contraction 
measured. The gas is then removed to the absorption burette 
for the absorption of the carbon dioxide produced. By a simple 
calculation the percentage of hydrogen and methane is obtained. 
The nitrogen is found by difference. The temperature in the 
Drehschmidt tube is too low to result in the partial combustion 
of the nitrogen. 
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Calcylatiana. — Ab all the operations can be performed in con- 
siderably less than an hour, no corrections need be made for tem- 
perature and pressure. The percentages of carbon dioxide, ethy- 
lene, oxygen and carbon monoxide are found by dividing the 
corresponding measured contractions by the original niunber of 
cubic centimeters. 

Hydrogen, Methane and Nitrogen. 

LetH, = x CH^^y N, = z 
if V = original volume, 

C » Contraction after explosion. 

D » Volume of carbon dioxide produced. 

We have, then (since one volume of hydrogen combines with 
one-half volume of oxygen to form water), for one volume of hydro- 
gen a contraction equal to one and a half times that volume. 

Also, since one volume of methane combines with two volumes 
of oxygen to form one volume of carbon dioxide, there results a 
contraction equal to twice its volmne: 

2C - 4D . ^ (2C - 4D) 100 

X m % X = - 
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Water Vapor. — ^Let the volume of gas passed through the liebig 
bulb be 3450 cc, the increase in weight being 67 mg. 
The molecular weight of water vapor is 18 grams for the molecular 

18 
volume 22.32 liters; or, per liter, grams. 

18 X 3450 
For 3460 cc. we have — — — — = 2782 mg. 

The true peroentage of water vapor for 67 mg. is then 

67X100 „,^ 
-27^- ^"^^ 
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Automatic Sdf-Registering Gas-Analyzing Machine, — It is very 
important to be able to keep a record and at the same time a con- 
trol of the composition of gases, such as producer-gas or products 
of combustion. Up to date it has not been possible to msike prac- 
tically more than one determination, that of carbon dioxide, GO 2* 
This is, however, sufficient in most instances, as generally the 
same coal or fuel will be used at a given plant. 

In producer-gas, there is a certain rdation between the total 
number of molecules of carbon contained in combination, and the 
molecules held by the different gases, (30 „ CO, CH 4. The knowl- 
edge of the volumetric contents in CO , will allow a fair estimate 
of the remaining components being made. 

In Fig. 67 is illustrated a section through the analyzer of the 
Ados^ gas-machine. The gas to be analyzed is drawn from the 
flue by means of a very ingenious double-acting air-pump, operated 
by the draught of the furnace stack. A fixed volume of gas, 100 cc, 
is passed through the absorber. A, containing a strong solution of 
KOH; thence the gas, minus the CO,, is sent to the measuring 
vessel, (? J. A line proportional in length to the remwning volume 
of gas is drawn automatically on the paper wrapped around the 
drum, U, A sample may be taken every four minutes, or at greater 
time intervals, the apparatus being regulable at will. Glycerine 
is used to fill the apparatiis. A gas-filter is provided, as it is neces- 
sary in the case of bituminous producer-gas. 

The apparatus has been introduced in a number of large Euro- 
pean works, especially in connection with boilers. Fig. 68 shows 
the 24-hour record of a boiler. The firemen are paid premiums 
according to the carbon contents of the waste products. 

The apparatus has also been installed, lately, on the producer 
batteries at the Hazard works of the New Jersey Zinc Company. 

1 Made by E. D^cremont, Le Cateau, France. 



CHAPTER XIII. 
Calobimetry. 

Data concerning fuels cannot be complete, or even regarded as 
satisfactory, unless the heating value or calorific power be in- 
cluded. This expression of its latent energy is of primary im- 
portance in the valuation of most fuels, as it affords a basis of 
comparison both as to relative value and as to the possible heat 
utilization. 

It would seem, at first, possible to calculate the calorific power 
of coal from its chemical analysis. And so we could were the 
compounds present accurately known, but though many attempts 
have been made, none have met with signal success. Tlie most 
reliable formula for the heating effect of a coal, burned to liquid 
water, is that of Dulong, which gives the calorific power in calories 
per kilogram. 

Calorific Power equals 8080 C + 34460 (H - | O) H- 2250 S. 

Attempts to plot the calorific power and analysis graphically and 
thus arrive at a general rule, or graphic method, of arbitrarily de- 
termining the heating value of an imknown coal, have not been 
satisfactory. 

Knowing the chemical analysis or composition of an oil or gas, 
we can calculate its calorific power quite accurately, but in many, 
perhaps most, cases the complexity of composition is such that a 
direct determination is preferable. 

The calorific power, expressed in the centigrade-kilogram or 
Fahrenheit-poimd imits, is found by actually burning the fuel 
under known conditions and noting the heat evolved; usually by 
absorption by water. It is, therefore, not simply a theoretical 
property of the fuel, but represents actually the heat evolved when 

at particular fuel is burned. 
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The form of apparatus employed will vary somewhat with the 
state of the fuel, whether solid, liquid or gaseous; but omitting the 
Thompson calorimeter, which was liable to as much as 15% error, 
we have at present various modifications of three standard forms: 

(1) The Bomb Calorimeter, originally devised by Berthdot. 

(2) The Parr Calorimeter, 

(3) The Junker Calorimeter. 

The first of these, imder the Mahler, Atwater, etc., modifica- 
tions, is the most accurate calorimeter known, and is suitable for 
the combustion of fuel either solid, liquid or gaseous. The Parr 
is suitable only for use with solid or liquid fuel, and the Junker for 
liquid or gaseous fuel only. 

The following descriptions will render clear the mechanism and 
actual procedure to be followed in the use of these instruments. 

The Bomb Calorimeter. 

Tlie general principle upon which this apparatus is based is the 
combustion, by means of oxygen, of the material in an enclosed 
space without addition or subtraction of material during the op- 
eration. The total heat evolved can thus be absorbed by sur- 
rounding the apparatus completely with water, the rise in tem- 
perature being noted. To insure an excess of oxygen gas, by 
which a complete combustion is secured, a pressure of about 20 
atmospheres is used. The ignition is brought about by electrically 
heating to incandescence a small coil of wire in contact with the 
substance to be burned. 

The vessel or bomb within which the combustion takes place is a 
strong, seamless, cylindrical steel shell provided with a close-fitting 
cap which screws over the open end. To prevent oxidation of the 
iron shell during the combustion and corrosion by the nitric and 
sulphuric adds formed, it is necessary to line the shdl with plati- 
num or enamd the interior (Mahler). More recently Atwater 
has used a gold-plated copper lining which has advantages over 
the older forms. A description of this latter form of apparatus, 
with a few explanatory remarks, will suffice for all the modifications 
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now in use. To enumerate the different parts of the apparatus 
we have: 

(1) The calorimeter, including the bomb, a thin brass cylinder 
or pail to contain the water surroimding the bomb, a thermometer, 
and the stirring mechanism. 

(2) The outer envelope, enclosing the calorimeter S3rstem; 
designed to render the loss or gain of heat as uniform and slow as 
possible. 

(3) Supplementary apparatus for filUng the bomb and com- 
pressing the fuel and also effecting its ignition, etc. This in- 
cludes the pressure gauge and couplings, a damp and spanner to 
hold and dose the boitib, a briquetting device for compressing 
the fud, and a motor for stirring the water. 

The bomb shown in Fig. 69 is sdf-explanatory, the substance 
being held in the capsule C. Oxygen is admitted under pressure 
at 0, and is retained by dosing the valve V. The joint between 
body and cap is made tight by a lead gasket, which is pressed by 
the annular V-shaped edge of the body. The V-shape is a great 
improvement over the older flat surface. Ignition is effected 
by passing a current of about 5 amperes through the insulated 
post, P, to the coU of fine iron wire, W, just above the combus- 
tible matter. This wire is heated to ignition by the current, which 
finds its way to the body of the bomb and thence completes the 
circuit by a connection at V. 

The lining which covers the interior surface of the shdl and cap 
has been made of platinum, enamd and gold-plated copper. The 
two former labor under the disadvantage that platinum is very 
expensive and the enamel will crack and flake off, exposing the 
iron. The gold-plated copper is satisfactory and durable, but" 
it or any other removable lining must be carefully fitted to prevent 
the compressed gas from finding its way between it and the shell ; 
otherwise the lining will be completdy destroyed upon the re- 
lease of the interior pressure. The convenience of removal, how- 
ever, outweighs this objection, which may be avoided with care. 

When in use the bomb is immersed in water contained in a thin 
brass pail, of such dimensions that the bomb is completdy covered 
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and sufficient room is left so that there is a certainty that no water 
shall splash over during the stirring. This pail must be kept 
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Fig. 69. — Cross-sbction Through the Mahlbr Cajlorimeter (Atwateb 

Modification). 

bright and clean to render the thermal losses low and regular. 
The outer envelopes, in the Atwater form, are of indurated 



196 INDUSTRIAL FUBNACES AND METHODS OF CONTROL. 

fiber having an air space between the adjacent walls. The covers 
are of hard rubber, arranged also with an air space and perforated 
for the stirrer and the thermometer. In some of the other forms 
this outer envelope is a felt-covered, water-filled metal jacket, 
but this is not necessary or convenient. Whatever the outer 
envelopes be, they must not absorb water and they must be easily 
cleaned and dried for use. 




FiQ. 70. — Berthelot-Mahler Apparatus Ready for Operation, in thb 
Metallurgical Laboratory of Columbia University. 

Stirring is effected by the passage of two perforated annular 
brass rings which encircle the bomb and fit within the calorimeter 
pail. The up-and-down movement is best brought about by a 
motor connected by a stout cord or system of levers, as shown in 
Fig. 70. For this a low-priced motor may be used, as is shown in 
Fig. 70, instead of the rather expensive type wound for high 
voltages. Fig. 70 shows the apparatus assembled and the dis- 
position of the different parts. 
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Most materials an* in powdered form on account of the ne- 
cessity of securing a representative sample, and in such cases it 
is best to press the powder into a compact pellet, so that small 
particles may not be blown about within the bomb and escape 
combustion. This is done in the pellet press A, shown in Fig. 71, 
which is capable of exerting a pressure of about ten tons on the 
material being bricked. Such a pressure consolidates most sub- 
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Fig. 71. — Various Parts of the Berthelot-Mahler Calorimeter. 



stances, but in the case of some anthracite coals, etc., the mixture 
of a little benzoic acid in known amount will give the desired 
result. The benzoic acid must be known, that we may make 
the proper correction by deducting its heat of combustion from 
the total calories evolved. 

Method of Use of the Apparatus. — ^The quantity of substance 
taken for combustion will vary somewhat with the different forms 
of apparatus, the rule being that the observed temperature rise 
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should be 2.5 to 3.5® C. This rise is affected by the hydrothennal 
value of the calorimeter system, with a large hydrothermal value 
it being necessary to take a correspondingly large amount of the 
material to be burned. The hydrothermal values of various calorim- 
eters range from 2000 to 3000 grams, and from this it is clear 
that such a weight should be taken as will yield 5000 to 7000 cal- 
ories, or 7500 to 10,500 calories, according to the apparatus. For 
most good coals, etc., the weight will fall between 1 and 1.5 grams, 
which should be weighed out approximately and compressed into 
a solid pellet, which is brushed free from loose particles and weighed 
accurately in the capsule in which it is to be burned. These cap- 
sules are of nickel, about 0.4 mm. (^V in.) thick, and of a proper 
size to fit in the receiving dish of the bomb, which is thereby pro- 
tected from rapid deterioration. The nickel capsule should be 
ignited in a Bunsen burner, to superficially oxidize it. 

The wire used for ignition should be of soft iron, about 36 gauge 
and 2i to 3 in. in length. To form it into a coil it is wound around 
a large needle of wire, leaving half an inch of each end straight. 
Its weight should be known in order to make the correction for its 
combustion. This is most conveniently done by winding a number 
of turns about a cylinder of the proper circumference and cutting all 
at once. With care the weights of these wires should correspond 
very closely, and thus obviate repeated weighings. One of the coUs 
is bridged between the platinum wires attached to the cap; then 
the capsule containing the substance is put in place, the wire being 
brought over it in close contact. 

With some substances special devices are required to secure 
combustion. This is true of refuse, bituminous slates and shales. 
Ash, etc., the calorific power of which may sometimes be quite 
high, falls in this class. These substances may be completely 
burned by mixing with a proper amount of benzoic acid before 
compressing. This amount should not approach 50% of the total 
calorific power, and so much should not be used that the remaining 
cinder is fused by the intensity of the heat generated, for this may 
prevent complete combustion. 

Heavy oils, etc., may be absorbed in fibrous asbestos which has 
been ignited and weighed in the capsule. The gain in weight after 
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addition of the oil represents the sample taken for combustion. 
Volatile oils and liquids should be endosed in gelatine capsules, 
the weight of which is known. Trial by combustion of a sample 
of the capsules will give the proper correction to be applied to each. 

Having everjrthing in readiness, the bomb cover is placed on 
the bomb, which is gripped tightly by the clamp B, Fig. 71 . The 
cover is screwed firmly into place by means of the spanner, using 
oil on the exterior rubbing parts. To fill with oxygen the bomb is 
taken to the oxygen tank and connected at by a brass tube, the 
valve V being slightly open; the pressure is admitted from the oxy- 
gen tank until the pressure-gauge registers 20 atmospheres. The 
pressure is now cut off and the valve V closed. After disconnect- 
ing, the bomb is ready for immersion in the calorimeter-pail. It is 
a wise plan to test the tightness of all joints at a low pressure, say 
5 atmospheres. This can be done for large leaks by closing the 
oxygen-tank valve and noticing whether the pressure-gauge re- 
mains constant. More delicate tests for leaks are made by moist- 
ening the joint, when bubbles will indicate the exact location. Any 
perceptible leak about the bomb must be remedied, lest it render 
the results inaccurate. 

The water weighed into the calorimeter-pail should be about 3* 
below that of the air, in the inner air space. This difference in tem- 
perature is such that, under average conditions, the radiation cor- 
rections to be applied will be at a minimum. Such a weight of 
water should be taken that the total hydrothermal value of the 
system shall be a round number, say 2000, 2500 or 3000 grams. 
Therefore, the weight of water to be weighed out will be the hydro- 
thermal equivalent of the system subtracted from the desired hydro- 
thermal value. The weight of the water need only be to the nearest 
gram. 

The calorimeter-pail is now placed in the inner compartment, 
the stirrer is placed in position, the bomb immersed, with the elec- 
trical connections in place, the covers are put on, and finally the 
thermometer is introduced. 

The thermometer used must be one capable of being read ta 
O.OOP, and it should be graduated to hundredths. Either a series 
of short-range fixed zero thennometers must be provided, or one 
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of the "metastatic" Beekmann type of adjustable ssero. The choice 
of the latter introduces the necessity for a correction, which cannot 
be disregarded, depending upon the amount of mercury in the ex- 
pansion bulb; but it is rather preferable to the series arrangement, 
and is certainly far less expensive. A reading-lens is necessary for 
estimating the smaller divisions, and it should be so arranged as 
to avoid parallax. 

Electric current is needed for the ignition, and it is also the most 
convenient source of power for actuating the stirring mechanism. 
Rather the best source of current for this purpose is the ordinary 
lighting circuit, for which the motor driving the stirring apparatus 
may be wound, or a much cheaper motor intended for battery 
work may be used in connection with a lamp resistance, and the 
speed be reduced by a large band-wheel, as is shown in Fig. 70. 
For ignition, about 5 amperes should be supplied by means of five 
32-candlepower incandescent lamps. These also give the signal 
when the circuit is closed, and ignition takes place by their bright- 
ening. In case the lighting current is not available, six Edison- 
Lalande batteries may be used. 

The stirrer may be set in motion at a speed of not less than 40 
strokes per minute. A higher speed may be used with advantage, 
but care must be exercised that it is not so great as to splash the 
water against the cover, or out of the calorimeter-pail. The ther- 
mometer bulb should be slightly over half-way down, or about 
opposite the central mass of the bomb. It passes through a good- 
sized opening in the stirrer, and is held firmly by an exterior arm 
attached to the outer envelope. 

When the thermomenter shows, by its uniform rise, that the 
S3^tem has attained an equilibrium (this requires 5 or 6 minutes), 
we are ready to take the observations which compose the initial 
period. Just before taking the thermomenter reading it is a 
good plan to tap the thermometer lighly with a pencil, so that 
the surface tension and frictional resistance of the moving mercury 
may have no effect upon the accuracy of the readings. 

Observations Required, — ^We shall require the actual temper- 
ature of the sjrstem to the nearest half-degree in order to make 
the correction of the metastatic thermometer, if this is used, due 
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to the varying quantity of mercury in its bulb. This may be 
taken with an ordinary thermometer. 

For the initial period we need six temperature readings at one- 
minute intervals. These readings are taken to O.OOP, and must 
show a perfectly imiform rate of rise in temperature. At the 
moment of the sixth reading — that is, at the expiration of the 
fifth minute — ^the switch completing the ignition current is closed. 
The ignition should take place promptly, with only a momentary 
brightening of the lamps. The darkening of the lights indicates 
the breaking of the circuit by ignition of the wire, and this should 
take not longer than about a second; if it takes a longer time 
it indicates that the wire is too coarse or the current not strong 
enough. Short-circuiting may prevent the drop of the lights 
and the ignition of the charge. Immediately after the ignition 
has taken place the switch should be opened. 

The main or combustion period is now on, and five readings 
covering the five minutes of the main period are taken by con- 
tinuing the previous time intervals. During the rapid rise of the 
temperature it will be impossible to take the readings exactly, 
but the last three readings may be taken with great exactness, 
the last especially. The maximum should be attained about 
the third minute, and it should not be followed by any sudden 
drop or fluctuation in the indicated temperature, as this points 
directly to insufficient stirring. Should the rate of fall not be- 
come perfectly imiform before the expiration of the main period 
of five minutes, the period must be extended until it does become 
so, and the length of time noted for future use in calculation. 

Following the main period is a final period of five minutes in 
length, at the end of which a reading is taken, giving the average 
rate of fall for use in the calculation of the radiation correction. 
The bomb can now be removed and secured tightly in the clamp. 
The internal pressure is relieved by opening the valve V gently, 
and the cap is removed by the use of the spanner. The interior 
of the bomb and cover are rinsed into a beaker with distilled water. 
The nitric and sulphuric acids in this are estimated as follows: 
The solution in the beaker is titrated with a sodium carbonate 
solution contwning 3.706 grams (Na, 00 j) per liter, using methyl 
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orange as an indicator. Each cubic centimeter of this solution 
equals a calory of heat evolved by the combustion of the corre- 
sponding nitrogen. Sulphuric acid is included in this titration, 
and may be allowed for by precipitation by means of bariiun 
chloride. The barium sulphate resulting is weighed and each 
0.008 gram equals a calory to be deducted from the nitric-acid 
estimation. 

As the heat of the burning nitrogen has no connection with that 
of the burning fuel, the heat thus evolved is to be deducted from 
the total. It usually amounts to from 10 to 30 calories. The 
heat evolved by the burning sulphur is a portion of the calorific 
power of the fuel, but its only significance here is that it may 
lead to a high estimation of the nitric acid. Its equivalent (roughly 
0.01 gram barium sulphate equals 1 calory) is to be deducted from 
that of the nitric acid. It is usually insignificant, but should 
be looked for in case the nitric acid value seems high. 

Any iron wire remaining unoxidized should be weighed or meas- 
ured, and the proper correction made in the accessory combustions. 

Calculation of Results. — ^To find the heat of combustion 
of the substance burned, it is necessary to ascertain the total heat 
evolved, and to deduct from the total the heat liberated in the 
accessory combustions. To find the total heat evolved, we must 
know the hydrothermal value of the calorimeter system and its 
corrected rise in temperature. The hydrothermal value of the 
system is the sum of the weight of water used, and therefore 
known, and the hydrothermal equivalent of the system. This 
latter is a constant; later the method of ascertaining its value will 
be shown. The corrected rise in temperature is found by the ap- 
plication of the laws of radiation to the observations taken. 

It is very important that such a form be made out prior to the 
tests, as confusion and the possibility of error are thereby avoided. 
The computation, though simple, can become very intricate with- 
out some such systematic arrangement. 

In this sheet the general data are entered at the top and the 
records of observation in the left column. No corrected ther- 
mometer readings are shown in this example, for the reason that a 
fixed-zero instrument was used. 
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The method of calciilation is best shown by an example taken 
from practice, which is shown on the accompan3dng form. 

CALCULATION 11. 



CALORIMETER TEST 

Sample No. 86,544. Deaeription, BituminouB Coal. 

Tamp. Room, 10.6. Time. 3:20. 



Date, Jan. 18. 1004. 
Temp. Water. 16.7. 



Capsulb No. 6 



I Ck>RRBCTION FOR ACCUSORY COMBUaTIONS 



Oapetile + eubstance 


....- 6.1886 
« 4 0006 


Wt. Fe wire. .0826 

Titreof HNOaformed.... 

Correction for aeoeMoriee . 


.- 


62. calt. 
26. " 

77. cab. 


Sttbatance W 


....- 1.1886 



Min. Readings 



17.286 
17.287 
17.241 
17.246 
17.248 



6^0 - 17.262 



7 01 - 10.3 

8^t- 20.81 

O^a- 20.360 

IOS4- 20.360 

11 S« - 20 47 



Corrected 
Temp 



Initial Period 

Fall - — .017 

RateV.... .0036 

Meanr. ^ - 17.243 

$i - 20.347 

Bo - 17.262 



80.310 



0t + ^0 

- 18.700 

2 

Sum - 00.100 

56 - 86.216 

Diff - 12.804 

lot. diff - 111050 

lot. V — V..- 2.04448 I 

Colof.^ — ^ "_JLi^ 

lot - r.57571 

AntUoc - + .0867 

+ 6 V - — .0180 

Rad. Corr .... - .0187 

16 - 20-821 



0i + ^0. - 37.600 
i - 18.700 

Final Period 

FaU - + .026 

Rate V - + .0062 

V .0036 

V — V - + .0088 

Meant". 0- 20.320 
0" 17.243 



e — B...." 3.086 



Final Calculations 

0t - 20.347 

00 - 17.262 



0i — 0o - 3.005 

Rad. Corr....- .0187 

Corr. Riae...- 3.1137 

" X 3000 



-Total Heat. -0341. 
Acoeflsoriee . . — 77 . 



Corr. Heat... -0264. 

lot. Corr. Heat- 8.06670 

" W - .07862 

Diff. log - 3.8037 

Antilog. equals 7.882 
CALORIES 7832. 

•• X 1.8 
- B. t. u. 14007. 



The correction for radiation is calculated by means of the Reg- 
nault-Pfoundler formula: 
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o-Nv.r^(2.±o^.2r-L) 

Where N = number of time units (minutes) in combustion period. 
V = rate of fall of temperature of calorimeter during 

initial period. 
V'=" rate of f«dl of temperature of calorimeter during 

final period. 
^ = mean temperature of calorimeter during initial period. 
Bi =s mean temperature of calorimeter during final period. 

Oj, Oj Ou == temperature at the end of first, second 

nth minutes of the combustion period. 

e = temperature at moment of ignition. 



Applying this formula to the example given, we find that the 
first reduction of the observations is made in the second column. 
This being completed, a summation of the first four observations, 
in the main period, is made in the left column (80.310). This 
is combined with the other expressions within the bracket by 
transferring their values from the center column. Logarithms 
are used to effect the reduction with the fractional form, and the 
final reduction is also assisted in the same manner. The radiation 
correction is added to the difference between the final (e's) and 
initial (Oo) temperature of the main period. This gives the 
corrected rise, which, multiplied by the hydrothermal value of the 
system, will give the total heat evolved. From the total heat 
we subtract that due to the accessory combustions, and this cor- 
rected heat, divided by the weight of the sample, is the calorific 
power of the substance, expressed in calories per gram. It is 
usual to give the value of a fuel also in British thermal units, which 
is done by multiplying the calorific power by 1.8. 

The correction for accessory combustions is made in a very simple 
manner from the known weight and heat of combustion. Thus, 
in the example, the weight of the iron wire used was 0.0325 gram, 
and this, times the specific heat of combustion, gives the calories 
(52) to be deducted. 
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The following specific heats of combustion axe accurately known: 

Pure iron or soft iron wire, 1601 calories per gram. 

Naphthalene 9628 

Cane^gar 3959 " " 

Benzoic acid 6322 " " " 



The Hydrothermal Equivalent. — ^This constant is usually furnished 
with the instrument, but in case of change of parts or loss of its 
recorded value it may be eaaily found by burning a known weight 
of a standard substance, such as benzoic acid, the heat of com- 
bustion of which is very accurately known. 

The following quantities are involved, and the relation is ex- 
pressed by the formula 

H = (W + X) T 

Where H = the total heat liberated, 
W = the weight of water used, 
T = corrected temperature rise, 
X « the desired hydrothermal equivalent. 

H, the total heat, is found from the weight and heat of com- 
bustion of the standard substance used plus the heat derived 
from the accessory combustions, including nitric acid and the iron 
wire, etc. 

Accuracy of the Method. — ^The actual accuracy attained 
will largely depend upon the care and expertness of the operator. 
Conditions outside the operator's control may considerably affect 
the accuracy attainable. Violent draughts of air, changing tem- 
perature of the room, dampness of the interior chamber, or loose- 
ness of covers by which currents of air may pass through the in- 
terior chambers, are sources of error. The chief source of error 
lies in the temperature observations, and it follows that these must 
be very carefully made. 

With care and reasonably good conditions the total error of 
estimation should not be greater than 0.5%, and greater deviations 
should be cause for repetition or investigation of the apparatxis. 

The time required to make an estimation with a compact and 
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conveniently arranged apparatus should not exceed 40 minutcB, 
and with a S3r8tematic arrangement the time may be much short- 
ened. 

The Parr Calorimeter. 

This calorimeter is a modification of the Thompson form, in 
that it uses the oxidizing power of chemicals to effect the com- 
bustion of the fuel. It avoids one of the serious sources of error 
of the latter by the use of sodium peroxide, which, in decomposing, 
oxidizes the fuel and at the same time absorbs the products of com- 
bution so that they do not escape through the surrounding water. 




Fig. 72. — Parr Calorimeter. 
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The exterior jacket is not unlike the outer envelope of the At- 
water-Berthdot calorimeter. The bomb is replaced with a small 
chamber, D, capable of revolution about a vertical axis. A proper 
weight (0.5 to 1 gram of the fuel) mixed with 16 to 32 grams of 
sodium peroxide and the accessory chemicals is placed within this 
chamber and the cap is fitted on tightly. It is then immersed in 
the calorimeter-pail containing 2000 cc. of water. Stirring is 
effected by the propeller wings fastened to the rotating chamber; 
a speed of about 150 revolutions is recommended. When equili- 
brium is reached, as shown by the thermometer, the charge is 
ignited by means of a red-hot wire introduced through the valve- 
stem. Ignition takes place with rise of temperature. The obsei^ 
vations to be made can be recorded exactly, as those outlined for 
the bomb calorimeter, or the directions given with the apparatus 
may be followed. 

The same precautions apply to this calorimetric measurement 
as to others, and in addition the mixture between the fuel a^d the 
peroxide must be thorough, and both should be finely powdered, 
the fuel to 100-mesh and the peroxide to 50-mesh. The operator 
should tap the cylinder gently on the bottom, so that all the con- 
tained material shall gather there, for any adhering to the sides 
or about the valve will escape combustion. Dampness must be 
carefully avoided, as it is likely to ignite the charge and ruin the 
determination. 

With anthracite and some other substances not readily com- 
bustible it is necessary to add an accelerator to the charge. This 
is composed of tartaric acid 33% and potassium persulphate 66%. 
Even with a liberal addition of this mixture the combustion is not 
alwa3rs complete. One and one-half grams of this mixture is used, 
with 12 grams of sodiiun peroxide, for the combustion of 0.5 gram 
of coal. 

The corrections needed are: (1) For radiation losses. These are 
made exactly as in the bomb calorimeter, though the printed direc- 
tions from the makers do not mention this point. Reliance is 
placed in exactly balancing the loss and gain by starting at a sufii- 
ciently low temperature, that recommended being 3® F. below room 
temperature. Experience with any calorimeter shows that this 
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is rarely the case, and it will not do to ignore this point. (2) Cor- 
rections due to auxiliary chemical reactions, aside from the union 
of the oxygen with the fuel. These consist of (a) the decomposition 
of NajOj, forming NajO 4- O; (6) the union of sodium oxide with 
carbon dioxide, Na ,0 X CO , = No JDO ,; (c) the union of sodium 
oxide and water, NajO 4- HjO = 2Na OH; (d) the decomposition 
of sodiiun peroxide by water, Na ,0 , 4- H jO = 2NaOH + O. If 
the accelerator is iised, the following also enter, namely: (e) De- 
composition of the potassium persulphate into potassium sulphate, 
oxygen and sulphuric anhydride, with the subsequent fonnation 
of sodium sulphate due to the presence of sodium hydroxide; (/) 
the combustion of the tartaric acid, with its attendant series of 
reactions. 

The first four of these are corrected by the use. of an arbitrary 
factor which has been found by experiment to be within about 
1% of the truth. This factor amoimts to the deduction of 27% 
of the heat evolved after making all other corrections. Corrections 
for (e) and (/) are made by running a charge consisting of 0.6 gram 
of tartaric acid, 1 gram of persulphate and 6 grams of peroxide. 
The calories evolved are to be corrected for the iron wire and de- 
ducted from like combustions with the accelerator. 

The makers give the tartaric acid equivalent as 1779 B. t. u. 
(988 calories) and the persulphate equivalent as 330 B. t. u. 
(183 calories). The iron wire equivalent (wt. of iron being 0.4 
gram, its temperature 700° F., and sp. ht. 0.114) is 0.4 X 700 X 
0.114 =» 31.9 B. t. u. (18 calories). This rather crude approxi- 
mation probably gives results within the limits of accuracy of 
the apparatus. 

(3) A deduction is made for the estimated heat carried by the 
hot wire used for ignition. The temperature of this wire will vary 
from 700° to 1200° F. (389°~667° C.) above the room temperature. 
The temperature difference, times the specific heat, times the wdght 
of the wire gives the correction. 

The specific heat of soft iron is from 0.111 to 0.114. 
copper " 0.092. 

From the observations made, a computation parallel to that shown 
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in full for the bomb is made, or, when accuracy is not required, the 
directions accompanying the apparatus may be followed, and for 
this purpose they are here given. 

DiBECnONS FOR UsiNG THE PaRR STANDARD CALORIMETER. 

The calorimeter should be placed on a good firm desk or table. 
The power needed is exceedingly slight, the smallest electric or 
water motor being ample. Revolve the pulley by means of a 
loose cord at the rate of about 150 r. p. m. 

The general arrangement of the parts is shown in Fig. 72. How- 
ever, the can should be removed from the instrument for filling 
with water, and care observed that no water remains on the outside 
or is allowed to spill over into the air spaces of the insulating vessels. 
Exactly two liters of water (preferably distilled) are used, and it 
should have a temperature about 3° F. (1.65° C.) below that of the 
room. That is, approximately three-fourths (f ) of the total 
rise in temperature should occur before the temperature of the 
room is reached. 

The glass jar is for the chemical, and should be kept carefully 
closed and clamped to prevent absorption of moisture from the 
air. For this reason, also, the contents of only one small can of 
chemical is emptied into the jar at one time. There must be also 
room left for the measuring-cup and handle entire. 

The cartridge for filling should be perfectly dry inside and out. 
If water has been admitted to the valve, remove it from the stem 
by screwing off the knurled top and drying all parts thoroughly. 
To prepare the cartridge for filling, screw on the bottom firmly so 
as to avoid any possibility of admitting water to the interior, then 
place on a sheet of white paper. 

The coal is prepared by grinding in a mortar and passing through 
the sieve of 0.25 mm. mesh, or 100 to the inch. Coals containing 
over 2.5-3% of water should have the water removed. In such 
cases the exact charge of the commercially dry coal is weighed out 
and dried for an hour at 105**-110° C. (220^-230° F.), then trans- 
ferred to the cartridge. 

Procedure for all Ordinary Soft Coals. — (Not anthracitic 
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or true anthracites.) Exactly i gram is taken and dried as above 
indicated. 

One full measure of chemical is put in the cartridge and the 
coal added. Screw on the top with valve or loop of fine wire for 
electrical ignition, and shake vigorously to thoroughly mix the 
contents. In shaking the cartridge it is well to hold the thumb 
against the valve-stem (at E, Fig. 72) to prevent its opening and 
admitting the material into the stem. When the mixing is com- 
plete, tap the cartridge lightly to settle the contents and to shake 
all the material from the upper part of the cylinder. Tap the 
valve, also, to see that it works freely. Put on the spring clips 
with vanes. The cartridge is now put in place, the can with water 
being already in position. Adjust the cover. Insert the ther- 
mometer so that the lower end of the bulb will be about midway 
towards the bottom of the can, place the pulley on the stem and 
connect with the motor. The cartridge should turn to the right, 
or as the hands of a watch, thus deflecting the currents downward. 

After about three minutes the first reading of the thermometer 
may be taken. 

Ignite with the short piece of iron wire which is held or rests 
on a wire gauze in a Bunsen flame till red hot; drop quickly into 
the opening at the upper end of the valve. With the pinchers 
the valve is now pressed completely down and released with a 
quick motion, so as to prevent the escape of heated air from the 
interior. 

All the time, of course, the revolving of the cartridge continues. 
The combustion should be indicated by a rapid rise of the mercury, 
which reaches its maximum height after from four to five minutes. 
Make note of the final temperature, and compute thus: 

Calculation. — Subtract the correction factor for the heat of the 
wire— namely, 0.023° F. (0.0122° C.)— and multiply the re- 
mainder by 3110. The product will be the number of British 
thermal units per pound of coal. Where the electric method of 
ignition is used this correction for the wire may be disregarded. 

To dismantle, remove the thermometer, pulley and cover; then 

ake out the can and contents entire, so that the lifting out of the 

^artridpo will not drip water into the dry parts of the instrument. 
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Remove the spring slips and unscrew the ends. Place the cartridge 
in a dish of hot water. The contents will dissolve out quickly. 
The cartridge and ends should be at once thoroughly dried, when 
they will be ready for a new test. 

Note, — (a) With the electric method of ignition the fine wire is 
wrapped firmly, with good contact, around the ends of the ter- 
minals, end bent U-shaped so as to extend below about half an inch. 
Do not have too great a length of wire for the current. Make 
a preliminary test without screwing the stem into the bomb, so 
that the action can be seen. The wire should quickly become in- 
candescent. (6) Lignites and fuels of low calorific content may be 
too greatly diluted in the above ratio of material for perfect com- 
bustion. In such cases weigh out one gram and dry. Take 
1^ measure of chemical. The factor for computing will be 1555 in- 
stead of 3110. 

For all Anthracites and Anthracitic Soft Coals, Cokes, 
Etc. — Grind and sift the coal as usual. Weigh out exactly i gram 
for the test; drying may be omitted if the water content is below 
2i or 3%. Transfer the sample to the cartridge and add exactly 
li grams of the "special chemical" for anthracites, petroleums, 
etc. Then add one and one-quarter measure of the ordinary chemical. 
Shake thoroughly, place in the can, assemble and complete the 
combustion in the usual manner. 

The con:ection factor for the special chemical and hot wire 
is marked on the label. Subtract this number from the total 
rise in temperature and compute thus:. Multiply the remainder 
by 3110. The product will be the British thermal units per pound 
of fuel. 

For Petroleum, Etc. — Proceed exactly as for anthracites. Pre- 
pare a small, light, 15 c.c. weighing-flask with perforated cork 
and dropping-tube, with common rubber-bulb cap. Fill the 
flask about § full of oil and weigh carefully. Place in the cartridge 
\ measure of chemical and 1^ grams exactly weighed out of the 
"special chemical." Then, by means of the dropping-tube, add 
about 0.300 gram (25-30 drops) of oil. Stir the. mixture in the 
cartridge thoroughly with a piece of wire. Add the remainder — 
that is, one measure of ordinary chemical. Remove the wire, 
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deaning it as well as may be in this upper layer and without jar- 
ring off any particles. Screw on the cap, shake well, place in the 
calorimeter and ignite as usual. Weigh back the flask carefully 
and determine the amount of oil taken by difference. Compute 
by formula instead of using the factor, thus: Correcting as before 
for the wire and extra chemical employed, letting "r" equal the 

"r" X .73 X 2130. ' 
corrected rise in temperature; then — — -r-r. = British 

thermal units per pound of oil. 

Notes. 

(a) The factor 3110 is deducted as follows: The water used, 
plus the water equivalent of the metal in the instrument, amounts 
to 2130 grams. In the reaction 73% of the heat is due to combus- 
tion of the coal and 27% is due to the heat of combination of CO , 
and HjO with the chemical. If, now, ^ gram of coal causes 
2130 grams of water to rise "r" degrees, and if only 73% of this 
is due to combustion, then 73 X 2130 X 3 X "r" equals rise in 
temperature that would result from combustion of an equal weight 
(2130 grams) of coal— 73 X 2130 X 2— equals 3110. Where 1 
gram of coal is taken this factor, of course, becomes 1555. 

(6) The ignition wire is of soft iron 2i mm. in diameter, or No. 
11 gauge, and 1 cm. long. It should weigh approximately 0.330 
gram. It looses very little by use. When by oxidation the weight 
falls much below 0.300 'gram a new wire should be substituted. 
The correction for the wire may be calculated thus: Taking 0.114 
as the specific heat and 1200^-1300° F. (667^-723° C.) as the tem- 

1250° X 330 X 114 
perature at a red heat. Then rr^x '- = 0.022° (0.0122° 

C). This agrees closely, also, with the factor obtained experi- 
mentally. A variation of a hundred degrees in the initial tem- 
perature of the wire causes a difference in the final reading of only 
0.002° F., or six thermal units, and may be disregarded. 

(c) Chemicals vary, moreover the sodium peroxide may have 
become contaminated with moisture from the air. It is advisable, 
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if question arises, to run a blank thus: Weigh out 1} grams of the 
''special chemical" mixture of tartaric acid and potassium per^ 
sulphate, place in the cartridge, add also one measure of the ordi- 
nary chemical sodium peroxide; shake and ignite in the usual 
manner. Duplicates should agree closely with each other and with 
the standardized factor marked on the label. 

(d) Do not bring the instrument from a cold room to work at 
once in a warm room, or vice versa. An hour, at least, should be 
given for equalization of temperature. 

(e) Do not throw a mixture of chemical and unbumed coal into 
water. It may ignite violently. Similarly, a drop of water left 
inside of the valve may work into the charge during the shaking 
and ignite it prematurely. 

(/) It is wdl to test the action of the valve by dropping the wire 
through on to a sheet of paper a number of times, holding the stem 
in the hand and dropping the wire as in igniting a charge. It will 
be noted that the wire is allowed to lodge at the valve and then is 
released by pressure on the top. Too sudden a pressure and release, 
or a failure to press the valve completely down, may result in 
catching the wire before it has cleared the valve. In such a case, 
of course, the charge would fail of ignition. 

{g) The above directions presume the use of a Fahrenheit ther- 
mometer. In case a centigrade thermometer is used, the use of the 
factor 3110 gives the result in kilocalories. To change kilocalories 
to British thermal imits, multiply by 1.8. Also the correction 
factors as herein given should be divided by 1.8. Thus, for the 
hot wire the correction would be 0.012° C. 

(h) A piece of fine emery doth around the cartridge will facili- 
tate holding the same when imscrewing the ends. 

The advantages of the Parr calorimeter over the bomb are its 
independence of compressed oxygen and its lower price. The 
possible error is much greater than that of the bomb, though dupli- 
cates may check very closely. The inaccuracy due to temperature 
readings on the thermometer furnished (divided to ^°) may 
amoimt to over 1% and the error of estimation of the correction 
of the hot wire may be 0.1%. 

A liberable estimate of the probable error will be from 1 to 2%. 
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The time taken for an estimation is about the same as that for 
the bomb. 

Junker's Calorimeter. 

The principle upon which Junker's calorimeter (for gas and oils) 
depends is that of burning the substance with a free access of air, 
and passing the products of combustion through a cooling chamber. 
The thoroughly cooled gases are discharged into the atmosphere, 
and the rise in temperature of the cooling medium affords the 
measure of the heat evolved. 

It is readily seen that this is very similar to industrial heating, 
and in fact the Junker's calorimeter is simply a small tubular 
boiler of relatively large heating area. Fig. 73 shows the calorim- 
eter proper in section plan and elevation. It will be seen that 
the gases of combustion ascend to 29, where they are directed 
downward through the water-cooled tubes, 30, and finally emerge, 
fully cooled, through exit, 32, to the atmosphere. The cooling- 
water enters at l,.part of it overflowing at 5, the constant-head 
device; the feed-water descends in tube, 3, to the valve, 9, and 
thermometer, 12, whence it enters the calorimeter chamber at 13, 
and is distributed by a perforated annular sheet, 14. The water 
gradually rises through the mixers, 17, past the thermometer, 43, 
and is discharged without suction over the funnel lip, 20. 

To maintain a constant and measurable supply of gas to the 
calorimeter, a very delicate pressure regulator and a gas meter 
divided to 0.001 liter are needed. A U-tube pressure gauge should 
also be used to read the pressure under which the meter is working. 
The thermometers used for measuring the temperature of the in- 
flowing and outflowing water are divided to y*^°, and have a 
range from to 50°. The temperature of the air and exit gases 
is taken with an ordinary thermometer. 

Apparatus Arranged for Use. — For use the calorimeter and ad- 
juncts should be arranged as follows: To the gas main or supply 
attach the pressure regulator, and to this connect the gas meter. 
Between the meter and the calorimeter burner is inserted the 
U-tube pressure gauge charged with water, colored if desired. The 
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Fig. 7';. — Junker Gas Calorimeter. 
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Btmsen burner to which the tube from the meter is attached must 
afford complete combustion of the gas. The water-supply tube is 
attached to the faucet, and the two overflow pipes run to a waste- 
pipe which must be dose by. 

Starting the Calorimeter, — ^Water is turned on of sufficient volume 
to overflow continually through tube, 5, the valve, 9, being suffi- 
ciently open to allow a flow of, say, 200 c.c. per minute through 
the calorimeter. Note that no drip of water takes place from tube, 
35, as this would indicate a leak in the cooling chamber. Being 
satisfied as to this point, a glass graduate is placed here to catch 
the condensed water of combustion. 

Gas is turned on from the main, the Bunsen-bumer valve, 22, 
being closed. The needle of the gas meter should become stationary 
and remain so, otherwise a leak of gas is indicated beyond the meter, 
and this must be remedied. Everything being in proper condition, 
the Bunsen burner is taken out and lighted, such a regulation being 
given that the flame evolves about 1000 to 1200 calories per hour; 
this will represent a gas consumption in the case of — 

niumihating gas 100 to 400 liters per hour. 

Hydrogen 200 " 800 " " " 

Water-gas 300" 1000 " " " 

Mixed gas 400" 1600 " " " 

Producer-gas 500 " 2000 " " " 

After replacing the burner, the flame of which must not come 
below the water-jacketed level, a few minutes are allowed for the 
heating to take effect, and then adjustments in the rate of flow of 
the water are made, such that the exit gases are cooled practically 
to room temperature, and the rise in temperature of the water is 
about lO*' C. This rise should be equally distributed on each side 
of the room temperature — that is, the feed-water should be as 
much below that of the* room as the exit-water is above. Error 
from radiation is then at a minimum, but this condition can- 
not alwa3rs be had. Corrections for radiation cannot well be 
made, on accoimt of the gradual change in temperature from 
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top to bottom, and therefore this loss should be kept as low as 
possible. 

The damper for the exit gases should not be shut oflf so much 
as to cause hot air to escape through the air inlets, and likewise 
draughts should be avoided, as they may cause back currents. The 
gas pressure should be recorded, and it should remain perfectly 
constant. 

Taking Observations. — Testing gas. — ^A few minutes must be 
allowed for the attainment of equilibrium and the steady reading 
of the thermometers registering inflowing and exit water, also the 
exit gas. 

The following observations are to be taken: 

W, the amount of exit water flowing during the time of burning. 

G, the amount of gas burned. 

T 1, temperature of inflowing water to 0.01 C. 

T2, " exit water " " 

T „ " room or gas. 

T4, " exit gas. 

P 1, pressure of gas to burner in mm. mercury. 

P 3, barometric pressure of the atmosphere. 

When the temperature becomes steady the tube carrying the 
exit water is changed, exactly as the meter needle crosses zero, 
to a weighed receiving dish. Record of T, and T, is now taken 
at equal intervals of time, frequent enough to bar the possibility of 
an unnoticed change. Tg, T4, P^ and P, can be taken at once 
and should not vary, though it is well to check T 4. 

Exactly as the meter needle crosses the determined volume to 
be burned, say 3 liters, the exit tube is replaced in the waste-pipe 
and the receiving dish is weighed. The gain in weight is W. 
Record is also taken of the water of condensation which has col- 
lected during the same time as W. 

Testing oils. — ^In testing oils and inflammable liquids the general 
procedure is the same as above, the only variation being in the 
manner of estimating the amount of material burned. 
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The liquid is burned in a lamp, which first volatilizes it and 
then bums the gas, as is done in the Turner gasolene-blast lamp. 
Supply of liquid and pressure is insured by compressing air in a 
chambei above the liquid. To light this lamp it must be pre- 
heated, either by a Bunsen flame or by benzine ignited in a receiv- 
ing cup for this purpose. When lighted the lamp is placed on a 
balance, similar to the standard-candle balance, and brought to 
position in the calorimeter. When the condition of constant tem- 
perature is reached, the balance is brought nearly to equilibrium. 
The loss of weight, due to burning, will soon cause the pointer to 
move past the zero point; at this moment the test begins. The 
tube is then transferred to the weighing vessel and the observations 
taken. A weight representing the quantity of substance it is 
desired to bum is taken from the balance; the equilibrium thus 
destroyed will be regained by loss in burning, and when this occurs 
the test ends, just as in the case of testing gas. The total heat 
generated, W X R, divided by the weight of liquid burned, will 
give the calorific power per unit weight. 

•nyr vy- "p 

Calculation. — ^The formula — - — = H, where H is the calorific 

power per unit (volume or weight) and G is this volume or weight 
burned, is applicable direct in the case of liquids, but gases, on 
account of the effect of pressure and temperature on volume, must 
be reduced to standard conditions. For this purpose we employ 

.X. , ^ n PXGX273 

the fomiula G„ = " 760 x T ' ^ 

G„= volume at 0° C. and 760 mm. 
P = observed pressure of gas supply P^ + P,. 
G = volume of gas indicated by meter at T. 
T = absolute temperature of gas = T , -f- 273. 

W X R 
For standard conditions, then, M = — . The calculation 

and application of this formula are rendered clear by the accom- 
panying example. 
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Calorific Power of Gas. 



G = 3.000 liter. 

Pi= 2.4 mm. 

P, = 748. mm. 



2 



750.4 mm. = P, -f P, - P. 



Ti= 17.63 deg. 

Tj 1st, 26.80 " 

2d, 26.74 '' 

3d, 26.73 '' 

4th, 26.73 '' 

5th, 26.75 ^' 

6th, 26.77 " 

Mean T, 26.753 deg. 26.753 - 17.63 = 9.123 = R. 

T,= 22. 22 4-273 = T. 

T,= 22. 

W = 1.823 liter, W X R = 16.6312 

P X G X 273 750.4 X 3.0000 X 273. 

G = = - -_ _ -a 2.74 liter. 

760 X T 760 (22. -f 273.) 

16.6312 

jl ^ . — 5.897 calories per liter. 

2.82 ^ 

Calorific power per cubic meter = 5.897 X 1000 = 5897. cal. 

The use of a wet meter, and often a wet-pressure regulator, re- 
sults in the delivery of gas saturated with water vapor. This 
usually is not of importance, as the gas in the mains is already 
saturated, but should a dry gas be furnished or results be called 
for on a dry basis, a correction depending upon temperature and 
pressure will have to be made. 

Accuracy of the Instrument. — ^With care as to details the Junker 
calorimeter is an accurate instrument. Its main source of error 
is in the lack of an exact radiation correction, but this may be partly 
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avoided by the precautions previously mentioned. The accuracy 
with which the thennometers may be read controls the total rise, 
R, and hence the amoimt of water, W. With delicate thermometers 
the value of R may be so controlled as to nearly eliminate the 
radiation loss, but less sensitive thermometers necessitate a large 
value for R, that the error of reading be not too great, and this 
involves a corresponding increase in the radiation loss. 

The Low Thermal Value. — ^Most uses to which fuels are put do 
not presuppose the cooling of the products of combustion to ordinary 
temperatures, or even to the boiling point of water, and hence 
the latent heat of condensation of the water vapor present, as well 
as the sensible heat of the gases, is not utilized. Ordinary cal- 
orimetric measurements include this inefficient heat, which should 
be deducted, according to the particular use intended, in order 
to give relative practical values. The sensible heat lost should 
be low, and as it varies with each case no general correction is 
possible, but the latent heat of the water vapor may be 10% of 
the calorific power, and it should be deducted, the amoimt de- 
pending upon the analysis of the fuel. Its value is readily cal- 
culated, knowing the amount of hydrogen present. 

This corrected value is known as the low thermal value. 

APPROXIMATE Determination of the Calorific Power of a 
Fuel by Means of the Mahler and Gk)UTAL Formulas. 

Few industrial laboratories are equipped with calorimeters, 
and it is very often useful to be able to find, within 1%, the ap- 
proximate calorific power of a fuel. A number of formulas have 
been proposed for the calculations of the calorific power from 
the ultimate analysis or the approximate anal3rsis of the fuel. 
Among them may be mentioned the Vivien, von Jiiptner, Goutal 
and Mahler formulas. 

The only two that have stood the test of practice are the Goutal 
and the Mahler. Fortunately they complete each other. The 
Goutal makes use of the data obtained from an ordinary proxi- 
mate analysis, the Mahler of the ultimate anal3rsi8. 
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Mahler Formula. — Calorific Power = Q'^ 

, 8140 C + 34500 H - 3000 (O -{- N) 
^«"" 100 

This is further simplified if we write 

O + N = 100 - (C + H) 

Substituting in the equation, we have finally ' 

(y^ =» 111.40 C + 375 H - 3000 

in calories per kilogram of fuel. 

The comparison of columns 10 and 11 in table 22 shows how 
closely the computed results agree with the experimental deter- 
minations. The formula does not give accurate results in case 
of cannels, lignites, peat and woods. 

Ooutal Formida. — ^The data required are the following: 

C Fixed Carbon. 
V Volatile matter, 
a A variable factor. 

"a" is a function of the volatile matter of the fuel, abstraction 
being made of the moisture and ash. 

Caionfic Power = 82 C + aV 

For all fuels with volatile matter V below 40%, the values of 
"a" are given in table 12. 

Moisture Determination, — ^The moisture is determined on a 
2-gram sample heated for an hour in an air bath at 115^ C. The 
constant weight should be verified by two weighings. 

Volatile Matter, — In a crucible of 30 c.c. capacity are placed 
5 grams of the powdered fuel; the crucible is placed xmcovered 
over a Berzelius burner. The flame is to be maintained so as to 
surround completely the crucible. After all the illuminants have 
been entirely driven off, the heating should be continued for three 
more minutes. 

Ash, — Two grams of the fuel are burned in a muffle, the heating 
to be done very carefully and not too suddenly. 
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Example. — ^The analysis of the anthracitic coal of Le Creusot is 
the following: 

Fixed carbon 86.70% = C 

Volatile matter 10.05 = V 

Ash 1.45 

Moisture 1 .80 

The volatile matter V, calculated as if there was neither ash or 
moisture, is 

V >^100 ^ 10.05 X 100 

"". C 4- V "" 86.70 + 10.5"" 
TABLE 12. 

GouTAL. Factors. 



v 


a 


V 


• a 


% 


Calories 


% 


Caloriea 

1 


1 to5 


100 


23 


105 


5 


145 


24 


104 


« 


142 


25 


103 


7 


139 


26 


102 


8 


136 


27 


101 





133 


28 


100 


10 


130 


29 


99 


11 


127 


30 


98 


12 


124 


31 


97 


13 


122 


32 


97 


14 


120 


33 


96 


15 


117 


34 


95 


16 


115 


35 


94 


17 


113 


36 


91 


18 


112 


37 


88 


19 


110 


38 


85 


20 


109 


39 


82 


21 


108 


40 


80 


22 


107 







From table 12 we find that it corresponds to a value of "a" 
equal to 129 calories. 

Substituting in the formula, we have 
Calorific Power = 82 X 86.7 + 129 X 10.05 = 8406 calories. 
By actual determination of the calorific power by means of the 
Mahler bomb it was found to be 8404 calories. The results ob- 
tained are generally within 1% of the experimental determinations; 
an error of 2% is quite exceptional and is observed only with the 
anthracites or lignites. 



CHAPTER XIV. 

Elkmentary Fuel Analysis — The Ultimate Analysis of 
Fuels, Coal, Coke, Etc. 

Determination of Carbon ^ Hydrogen and Ash. — ^These determina- 
tions may be made in a single combustion. The apparatus used 
is an ordinary combustion furnace, the variations being that either 
a porcelain or a wrought-iron tube may be used, and that lead 
chromate is used in addition to cupric oxide. 

AD material used in charging the tube, and the tube itself, must 
be freed from moisture previous to the combustion, by thorough 
ignition with the passage of a current of dry air. The tube is 
charged in the central portion, for about 15 cm., with coarse, 
strongly ignited cupric oxide; the forward end contains a sheet- 
iron boat, 20 cm. long, charged with powdered lead chromate, to 
retain sulphur, mixed with coarse pumice. In case a wrought- 
iron tube is used in place of the porcelain, it should be strongly 
ignited, previous to charging, and steam passed through it. This 
oxidizes the inside and destroys the porosity of the untreated iron. 

The absorption train consists of a U-tube filled with fragments 
of pumice, wet with strong sulphuric acid, a second U-tube of cal- 
cium chloride, a U-tube charged with active soda-lime, a U-tube 
of sulphuric acid and pumice, and a second U-tube of sulphuric 
acid and pumice to act as a guard-tube. The entrance train is 
composed of a soda-lime tube and a sulphuric acid pumice U-tube. 
The same drying agent should be used at each end. 

The apparatus should be tested, by ignition and passage of air, 
until satisfactory constant weights are obtained for the sulphuric- 
acid absorption tube and the (3) calcium chloride, soda-lime and 
sulphuric-acid tubes weighed co'lectively. 

To make the combustion, al ow the furnace to cool and intro- 
duce a weighed porcelain boat, containing 0.5 to 1 gram of the 
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fuel sample, dried at 104-107® C. The boat should rest on a sheet 
of platinum foil. The tube is now closed and the burners under 
the lead chromate and cupric oxide lighted. The lead chromate 
should be kept at a red heat and the cupric oxide at a bright red 
heat. When the rest of the tube is properly heated the burners 
under the boat may be lighted, and it gradually brought to a bright 
red. The air current should be drawn through the tube at such 
a rate that about two bubbles per second pass through the sul- 
phuric acid. The combustion should be complete in 30 minutes 
and the bo&t can be drawn, cooled and weighed. Its gain in weight, 
plus t the sulphur content, equals the mineral matter in the coal. 
Its direct gain in weight is the ash. 

The gain in weight of the sulphuric-acid tube equals the water 
produced and absorbed, which is converted into hydrogen by 0.1119. 
It is not necessary to take the weight of the calcium chloride tube 
unless back-suction has taken place. The gain in weight of the 
three tubes is the carbon dioxide absorbed, and this is converted 
into carbon by 0.27273. 

These results must be converted to the basis of the air-dried 
sample, using the percentage of moisture found. 

Determination of Moisture. — Dry one gram of the sample in an 
open dish in an air bath, at 104-107° C, for one hour. Cool in a 
desiccator and weigh quickly. The loss in weight is the moisture 
present. 

Determination of the Sulphur. — Eschka's method modified accord- 
ing to Miller. One gram of the finely pulverized coal is mixed with 
one gram of light magnesium oxide and 0.5 gram of anhydrous 
sodium carbonate, in a platinum dish having a capacity of 75 to 
100 c.c, or a Meissen porcelain crucible, and heated with an alcohol 
lamp. When great accuracy is not required a gas flame may be 
used, the dish being protected, as far as possible, from the products 
of combustion which contain sulphur. The mixture is stirred 
frequently with a stout platinum wire or glass rod, and the heat 
applied gradually, especially with soft coals, until strong glowing 
has ceased; then the heat is increased until in fifteen minutes the 
bottom of the dish is at a low red heat, which is maintained until 
all of the carbon is burned out. The residue, which should be 
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nearly white and porous, is transferred to a No. 2 beaker with 
about 50 c.c. of water; 15 c.c. of bromine water are added, and the 
whole boiled for at least 5 minutes, allowed to setUe, and decanted 
through a filter; boiled a second and third time with 30 c.c. of 
water, and then washed very thoroughly with hot water. 

The filtrate is acidified with hydrochloric acid so as to have an 
excess of about 1 c.c. and boiled to expel any free bromine. Then 
to the hot solution barium chloride (10%) solution is added, drop 
by drop, until 10 c.c. have been added, and the solution boiled or 
heated on a water bath until the precipitate settles quickly; filter, 
ignite and weigh. 

From the weight of barium sulphate the percentage of sulphur 
is calculated. Factor, 0.13736. 

Determination of Nitrogen, — Kjeldahl's method. Place 1 to 1^ 
grams of the fuel in a long narrow-necked flask, preferably made of 
Jena hard glass, of about 150 c.c. capacity, and add 20 c.c. of con- 
centrated sulphuric acid. Add 0.5 gram of phosphorus pentoxide 
and place the flask in an inclined position over a flame. Heat the 
contents to boiling and boil for about two hours. A vigorous re- 
action takes place, resulting in the production of carbon dioxide 
and sulphur dioxide while the fuel slowly dissolves. Solution must 
be complete and the liquid a brownish yellow before the next step 
of oxidation. 

Small portions of potassium permanganate are added with care, 
the oxidation being accompanied by detonations; the solution 
dears up and finally becomes a bluish-green. This is a signal that 
the oxidation is complete, and the contents are now digested at a 
gentle heat for ten minutes, then allowed to cool and poured into 
a 750-c.c. distilling flask, containing about 150 c.c. of water. The 
distilling flask is closed by a double-bore rubber stopper through 
which passes a separatory funnel and a glass tube, bent to form an 
inverted U. This glass tube is connected ^ith a 50-c.c. pipette, 
which in turn enters a 250-c.c. Erlenmeyer flask, connected to a 
U-tube, both of which are' immersed in a vessel of water. The 
U-tube and flask contain 30 c.c. of z normal sulphuric acid. Now 
40 c.c. of 1.3 sp. gr. (30%) sodium or potassium hydroxide is run 
in from the separatory funnel, and gentle distillation is begun, con- 
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tinuing until one-half of the contents has passed over, or, say, 
20 to 30 minutes. The addition of a few pieces of zinc will prevent 
bumping during distillation, but should nitrates be present (in the 
chemicals used) they will be reduced to ammonia and thus cause 
error. Any foaming or tendency of the liquid to spray over with 
the steam is to be carefully avoided. 

The total distillate is collected in the flask and the excess acid 
titrated with, alkali, standard solution, using litmus, methyl orange 
or phenacetolin (phenol phtalein) as an indicator. The anmionia 
equivalent, calculated, is reduced to nitrogen by the factor 0.82278. 

Note. — ^The solution of the fuel in the acid is assisted by metallic 
oxides and some salts. The most active are cupric oxide and 
mercuric oxide. The latter must be prepared wet, as the dry 
preparation contains nitrogen compounds that will be reduced, in 
the distillation, by the zinc. The sulphates of these metals answer 
as well. Use about 0.75 gram. If these are used they must be 
precipitated, in the distillation flask, by an excess of 4% potassium 
sulphide solution. The proper amoxmt can be found by testing 
0.5 gram of the salt in solution. An excess must be used to 
decompose the mercuro-ammonium compounds. Even twice the 
amount actually required will usually do no harm, but more may 
result in a slight evolution of hydrogen sulphide. 

Determination of Oxygen. — Oxygen cannot be directly deter- 
mined with accuracy. If it were certain that the sulphur was 
present as pyrite, and that this is completely converted to ferric 
oxide in the ash, the oxygen would be, by difference, 100 minus the 
sum of carbon, hydrogen, nitrogen, ash and f of the sulphur. 
This is the best rule for the present, but the ash should be examined 
for sulphates and the rule modified where cause is found for its 
alteration. 
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CHAPTER XV. 

Chimneys. 

Chimne3rs are always necessary for evacuating the waste products 
into the atmosphere, no matter what the sj^tem of draught may 
be — natural or forced. In order to insure a draught in the chimney, 
the products of combustion must be delivered hot at the base of 
the stack. It will be shown that a temperature of 200° C. is amply 
sufficient. As the chimney operates through the difference of tem- 
peratures between the atmospheric air and the products of com- 
bustion, it follows that, the lower the temperature of the latter at 
the base of the stack, the better must be the construction of the 
stack, in view of keeping the heat radiation at a minimum. This 
is an important consideration if it is desired to operate the regen- 
erative furnaces with the maximum fuel economy. Brick stacks 
are to be preferred for such purposes. 

Calculation of the required height of chimney. — (The cliinmey 
height is taken from the level of the producer grate to the summit 
of the stack.) 

Let L == the height of the chimney. 
" tj = the average temperature of the waste products 

in the chimney. 
" a = the dilatation coefficient of the air. 
" t = the temperature of the atmospheric air. 
" Pj = the weight of a column of waste products in the 

stack. 
" P = the weight of a column of atmospheric air of a 

like volume. 
" Ph = the pressure at top of the stack. 
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The difference in pressure at the grate is: 

(Ph + P) - (Ph + P,) = P ~ P^ (1) 

This difference in pressure will produce the draught in the stack 
equal to a column of atmospheric air of height, h. 
The gases issue from the stack at a velocity 



V = ^2 g h (2) 

(L-f h)(l +«t) = L(1 + «tO 



^^ L«(t,-t) 



1 4- « t (3) 

at being a very small quantity, it will be sufficiently accurate to 
write 

h = L«(ti - t) (3)* 

Substituting this value of h in (2), 



V = ^/2gL«(tt-t) 

Therefore: •, . /"TTi. xT 

V varies as -^ L (t j — t) 

V is proportional to the square root of the height of the chimney 
and to the difference in temperature. Let us find what temperature 
will give the maximum velocity. 

Let *y be the density of the air at the temperature t ^ and pres- 
sure Ph + Pj. 

The weight of air, Q, passing through a section S, per second, 

Q = SV^ = S« 1 V^ g« L (t 1 - t) 
Let «^ be the density of the air at 0° C. and pressure Ph + Pi 

a \/2 ga L (t , - t) 

1 4 « 1 1 1 + at 1 
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In order to find the maximum value of Q, it is sufficient to find 

the maximum of the expression I \ * ) since S *o\2g a L = K 

\ 1 + «ti / 

is a constant for a given height, L. 

Q = K \ *^i- ^ 

1 + «ti 

Differentiating and equating to 0, we have 

1 -|-«tj = 2a(ti - t) 

tx = 2t+ I 
lft = 0,«=-^ T, = 273^0. 



sionV ^« _ ^ = 7 
ent temperatures for 



Let us find the values of the expression V » _ ^ = 7 for differ- 

1 -h «t 



1 1 = 100^ 7 = 7.4 

200° 8.16 

273° 8.255 

300° 8.251 

400° 8.110 

500° 7.89 

It follows that when the average temperature tj, of the waste 
products, is 100° C, the draught will be quite sufficient, and it will 
seldom be necessary to go beyond 200° C. This will give about 
300° C. at the base of the stack. 

From equation (4) it is seen that the quantity Q is directly pro- 
portional to the section S, and also to the square root of the height; 
it follows that it is more advantageous to increase the diameter 
than the height. A height of 30 to 40 meters is generally sufficient 
to insure a good draught. * 

The nature of the surface is very important. Peclet has shown 

* The ease of deleterious fumes to be discharged into the atmosphere is not here taken 
into consideration. 
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experimentally that the velocity of gas in chimneys made of brick, 
plate iron and cast iron are as the nimibers 2.00, 3.16, 4.47. 

It is, then, possible to pass as much, per imit of time, through a 
cast-iron pipe one foot in diameter as in a brick flue two feet in 
diameter, the other factors being equal. 

The friction increases with the perimeter of the conduct. As, 

perimeter 

however, the section increases, the ratio -. decreases rapidly, 

' section ^ •" 

the two factors increasing and the friction becomes less important 

perimeter 

after a certain ratio has been reached. The ratio 7: must be 

section 

as small as possible; the circular section is, therefore, the best, and 

other sections will become less eflScient the farther they are removed 

from the circle. 

Elbows and contractions increasing greatly the friction, they 

should be avoided as far as possible. All bends should have generous 

diameters. 

Section of Stack. — ^Redtenbacher's formula gives 

42L 84^L 

S is the section in square meters. 

K is the kilograms of coal burned per hour. 

L is the height in meters. 

He also gives the following formulas: 



Height of chimney < 
Gross-section in sq. m. - 



10«q» 
L 



10 



V 



When L = Weight of waste products per kg. per hour, 
q = Cross-section of stack in sq. m. 
• h = Height of stack in meters. 
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For the velocity of the gas leaving the chimney, we have Pedet's 
fonnula, 

V 2gh(T-t) 
273 + t 

T and t are temperatures, 
h is the height of the stack, 
g is the acceleration of gravity, 9.81. 
is a coefficient varying between .38 and .85. 
Giesker gives for it a value of .33. 

Redtenbacher also states that the height of the chimney should 
not be less than 16 meters and equal to 25 times its smallest di- 
ameter. 

Pinzger gives 2 meters per second as the allowable minimum 
velocity in the stack. Gruner states that, for temperatures be- 
tween 200*^ and 300° C, the velocity may reach 5 meters per second; 
for higher temperatures it may reach 10 meters per second. The 
reduction of temperature in an underground flue has been found by 
Jiiptner and Toldt to be, in one instance, 1.46° C. per running 
meter, and they consider that, for chimney calculations, it is safe 
to assume a cooling of about 3° C. per running meter of chimney 
height. , 

It is, in general, preferable to give to each furnace its own stack, as 
the regulation of the draught is then made easier and more effective. 
The draught is better regulated by means of a damper placed on 
the top of the stack than by a register in the flue leading to the 



Example. — ^A furnace bums in three gas-producers 11,077 kg. 
of anthracite coal per 24 hours. In allowing for the carbon content 
of the ash, the composition of the anthracite is as follows: 

Carbon burned 52 .9% 

Carbon lost in the ash 5.5 

ABh 30.2 

H2O 4.85 

S 67 

H2. N2. O2 5.88 

Total 100.00 
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The gas has the following analysis: 







% by volume 


% by weight 


Carbon contents 
in grs. per 100 
liters of dry sas 


COa... 

f.::::: 
ass:;: 


Total 


10.21 
20.31 
18.71 
50.77 
5.50 


18.09 
22.92 

1.51 
67.47 

3.99 


4.930 
9.837 






14.767 



The carbon coming wholly from the coal, it is possible to find the 
volume of gas produced per minute. 

105.50 liters of wet gas at 0° C. and 760 mm. pressure carry 14.767 
grams of carbon. 

128 grams, of coal per second = 128 X .529 = 67.82 grams of 
carbon. Number of cubic meters of wet producer-gas obtained from 



67.82 grams carbon 



67.82 X .10 550 
14.767 



= .4845 cu.m. at 0^ C. 



and 760 mm. At 300° C. we have .4845 X 2.1010 = 1.018 cu. m. 
Composition of the waste products: 



COg.. 

§•...: 

H3O. 



% by volume 



% by weight 



Carbon contents 
in grs. pi»r 100 
liters of dry gas 



14.51 
4.85 

80.64 
6.10 



20.86 
5.07 

74.04 
3.59 



5.684 



Volume of the waste products per second, at 0° C. and 760 mm. 
pressure, 

67.82 X .1061 



5.684 



1.266 cu.m. 



Weight of the waste products per second = 1.691 kg. 
L = Weight of the waste products per hour = 3600 
1.691 = 6087 kg. 
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According to Redtenbacher, 



Making h «= 36 m. 



'"■"^V 



6087 6087 , ^,^ 

= :; — = 1.015 sq.m. 



10»;36 6000 

The stack is to be built with a circular section; therefore the mean 
diameter, 

D - 1.136 m. 

With a batter of 13 mm. per running^meterj'^the top diameter 
will be 

1.136 - (18 X .013) = .902 m. 

and the base diameter, 

1.136 + (18 X .013) - 1.370 m. 

In Prechtl's table, the stack, for a fuel consumption of 460 kg. 
per hour, should have a diameter of 2.0 m. at the base and 1.33 m. 
at the top. (See table 23.) 
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CHAPTER XVI. 
Regenerators. 

In the general theory, no distinction was made between the 
two systems of recuperation, the Siemens and the parallel counter- 
current. Now that we have reached the design of furnaces, it 
is necessary to make distinction between them; each has its own 
field, its advantages and drawbacks. 

In the Siemens S3rstem the chambers are partly filled with a 
checkerwork of firebricks. The bricks are heated by passing the 
products of combustion through the chambers during one period. 
By reversing the valve the flow of waste products is stopped, and 
in their place either gas or air enters to be pre-heated. The heat 
stored in the bricks during the passage of the hot products of com- 
bustion is now restored to the incoming cold gases imtil the end 
of this period, when the valves are again reversed and the waste 
products admitted anew. 

It follows that at each reversal there will be a sudden rise of 
temperature, and also that, by having shorter periods between 
the reversals, it will be possible to increase rapidly, within limits, the 
temperature of the pre-heated gases and thereby their temperature 
of combustion; this will result in an increased temperature in the 
hearth. 

In the parallel counter-current S3^tem the air alone is pre- 
heated. The recuperator is composed of a series of tubes through 
which the secondary air circulates, the tubes being entirely sur- 
roimded by the waste products traveling in a reverse direction. In 
this case the calories stored by the outer surfaces of the tubes are 
conducted through the thickness of the walls and are restored by 
the inner surfaces by radiation and convection. The gaseous cur- 
rents flowing always in the same direction, valves are dispensed 
with. Once the equilibrium has been reached in the furnace the 
air will be pre-heated to practically a uniform temperature. 
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From the manner in which the calories are accumulated and 
restored in the two sjrstems, it follows that the Siemens will be 
the more efficient. In practice the difference of temperature be- 
tween the waste products leaving the hearth and the gases entering 
is about 300° C. in the first system, while in the second system the 
difference is over 600° C. 

It is impossible to increase the temperature of the hearth rapidly 
in the second system, while this is easily done in the first. The 
gas cannot be pre-heated in the parallel counter-current sjrstem 
on accoimt of the soot deposition, which would choke the tubes; 
this, however, is true only of the gas made from bituminous coal, 
as with anthracite gas, practically free of hydrocarbons, there is 
little soot deposition. 

In case of low temperatures, the tubes can be made of cast iron; 
metals must be discarded if the temperature of the pre-heated gas 
reaches above 500° C. Beyond that point it becomes necessary 
to make use of perforated firebricks. The efficiency drops very 
much in passing from one material to the other, on accoimt of the 
low coefficient of conductivity of firebricks. 

With the use of bricks it is very difficult to keep the passages 
air-tight. The hollow potteries can be made only in short lengths, 
and numerous joints are necessary. When the furnace is started it 
is seen, by the examination of the furnaces illustrated in Figs. 33, 35 
that the heating of the recuperators begins endwa3rs; there is, then, 
an unequal expansion which causes some of the joints to tear loose, 
and they remain so to the end of the campaign. A. Lodin ^ gives 
an example of a recuperative illuminating gas furnace. Samples 
of the products of combustion were taken at the points of entrance 
and exit of the recuperator. The average of twdve analjrses is as 
follows: 





Entrance 


Exit 


CO, 

Seee;;;e:ee; 


i 


17.04 
1.20 
1.67 

80.00 


10.34 

none 

P.05 

80.61 


1 A. Lodin. "Metallurgiie du Zinc.' 


' Paria. 11 


X)5. 
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In a parallel current recuperative zinc furnace that came under 
the observation of the writer, the average of five analyses taken at 
the points of entrance and exits of the products of combustion 
gave the following: 



Entrance Exit 



CO 2 



16.72 , 13.06 

2.72 I 6.33 

80.56 79.71 



The large admixture of atmospheric air to the products of com- 
bustion on their way to the stack tends to lower their temperature, 
and if care is not taken to detect the error, the furnace will appear 
to have a very good fuel efficiency when in actuality it has not. 

There remains the very great advantage of operating without 
valves. 

The parallel counter-current system from its nature is well suited 
to furnaces fired at medium temperatures, as zinc-reduction fur- 
naces, brass-melting furnaces, illuminating-gas muffle furnaces, 
billet reheating furnaces, etc. — all furnaces requiring a uniform 
temperature or a progressive rise of temperature distributed over a 
number of hours. This uniformity of temperature of the hearth may 
result in economies which will easily offset the low-fuel efficiency. 

In muffie furnaces, in which the vessels are made of fireclay, the 
varying temperatures of the Siemens furnace may cause a higher 
loss of vessels than in a parallel counter-current furnace, and the 
increased expenditure of costly muffies will offset the saving in fuel 
due to better heat recuperation. 

Maximum Allowable Velocities of Gas Currents in the V arums Parts 

of Regenerative Furnaces, ^ 

M. per Sec. 

Velocities of the air and gas through the reversing valves 3.5 

Velocity of the gas entering the regenerator 3.0 

Mean velocity of the gas through the regenerator (not over) 1.0 

Mean velocity of the gas through the brick checkerwork (not 

over) 2.0 

» From F. Toldt. lor. cit. p. 262. 
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Velocity of the gas in the free space over the checkerwork. . . 0.6 

Velocity of the gas issuing through the ports 8.0 

Velocity of the air in the flue leading to the regenerator 3.0 

Mean velocity of the air through the regenerator (not over) . . 2.0 

Velocity of the air in the free space over the checkerwork. . 0.5 

Mean velocity of the air through the regenerator (under). . . 1.0 

Velocity of the air issuing from the ports 8.0 

Velocity of the products of combustion through the hearth . . 2.0 

Minimum Times of Sojourn of the Gaseous Currents in the Various 

Parts of Regenerative Furnaces. 

No. of Sec. 

Gas in the regenerator 4 

Gas in the checkerwork 3 

Air in the regenerator 5 

Air in the checkerwork 3 

Products of combustion in the hearth 2 

The figures given were considered proper for the following tem- 
peratures:* 

Temperature of the producer-gas in the flue leading from the 

reversing valve to the regenerator 400° C. 

Temperature of the air at the reversing valve 30° C. 

Temperature of the air in the flue leading from the revers- 
ing valve to the recuperator 270° C. 

Temperature of the gas leaving the regenerator 850° C. 

Mean temperature of the gas in the regenerator 625° C. 

Temperature of the air leaving the regenerator 950° C. 

Mean temperature of the air in the regenerator 610° C. 

Temperature of the products of combustion in the hearth. 1600° C. 

Temperature of the products of combustion entering the re- 
generator 1600° C. 

Temperature of the products of combustion after passing 

through the reversing apparatus 300° C. 

The velocities and the times of sojourn will vary according to 
the temperature. 

» From L« Chatclier. "Comptes Rendus," Vol. CXIV. 1892, p. 470. 
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It is well known that the design of furnaces cannot generally be 
made to follow the dimensions given by mathematical calculations. 
The available room, as well as economy, will often necessitate cur- 
tailments of the dimensions as well as change in the grouping of 
the various organs. In all cases, however, it is well and necessary 
to know what should be had in order to make the best use of what 
is at hand. Paul H^roult said that success followed him only as 
far as his tests had been based on previous theoretical analysis 
and calculations. 

Regenerators. 

As a general rule, regenerative chambers have too small volumes • 
Nevertheless, it is well to remember that regenerators may be made 
too large. Discounting the valuable space that they would occupy, 
and their increased first cost, they present also thermic disadvan- 
tages. The radiation becomes very high, and we have seen that 
this item is far from being negligible. It amounts in most cases to 
18% or more of the total available calories. As the volume of 
the gas chambers is increased, the loss due to the gas filling it at 
the time of reversal is also increased. Finally the temperature of 
the waste products may be rendered so low as to impair the chim- 
ney efficiency. We have seen that the temperature of the waste 
products should not be lowered much below 200° C. (see page 233). 

The chambers, as far as possible, should be grouped in one block 
approaching the cubic form in order to reduce the loss due to 
radiation. Chambers of cylindrical shape offer the minimum perim- 
eter; if they are isolated, as in the Batho furnace, the radiation 
losses are higher than in grouped cubical chambers. For the same 
reasons, the walls should not be made less than 440 mm. in thick- 
ness, and better 550 mm; the dividing walls need, also, to be of 
the same thickness, in order to reduce the leakage through them. 
The chambers may be constructed with the longer axis either ver- 
tical or horizontal. It may be stated, in a general way, that vertical 
chambers have a better thermic efficiency. 

It is of the greatest importance that the flue extending under 
the checkerwork have a sufficiently ample cross-section, so that 
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the gaseous currents will be forced to distribute themselves through- 
out the whole mass of the checkerwork. 

Moving masses do not change their paths of motion unless 
compelled to do so. This elementary law of mechanics is very 
often disregarded, not only in regenerators and recuperators, but 
also in many engineering applications. It is a common occurrence 
to see a flue leading to a niunber of subsidiary pipes, through which 
a gas current is to be divided, of such diameter that practically the 
pipes furthest removed will receive all the gas. 

In a certain recuperative muffle furnace, the distributing air flue 
had a crossHsection smaller than the total section of the subsidiary 



Mmmm 




Fio. 75. — ^Incorrect Flue Connbctions for a Horizontal RsosNSRATnra 

Chamber. 

The hatched area represents the path of the gas currents. 
From F. Toldt, " Resenerativ Gasdfen." 



pipes; the result was that only a few of these received any air. The 
heat recuperation became practically nil, and barely 25% of the 
total available heat was utilized in the hearth. 

In the Schoenwalders furnace, this principle is very carefully 
emphasized; the lower flue is made very large and the chamber is 
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Fig. 76. — Incorrect Flue Connections for a Vertical Reobnerativs 

Chamber. 

The hatched area represents the path of the gas currents. 
From F. Toldt, "Regenerativ Gasdfen." 



subdivided by a wall reaching to the upper level of the checker- 
work, each chamber having its own flue connecting with the re- 
versing valve. 
The upper flue, collecting the heated gases (air or producer-gas), 




Fio. 77. — Correct Flue Design for a Horizontal Regenerative Chamber. 
S S, Slag and Dust Catcher. 

From F. Toldt's "Regenerativ Ga»6fen." 
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should also be of generous cross-section, in order that, on the waste- 
product phase, they may distribute themselves uniformly through- 
out the entire volume of the checkerwork. 

The design of flues leading to the chambers requires careful 
attention and consideration in order to utilize the whole of the 
checkerwork. (Fig. 75, 76, 77.) 

In Fig. 32, the chambers are built according to these considera- 
tions; it may be further mentioned that the chambers are very 
happily grouped with respect to the radiation losses. 

In the case of muffle furnaces, the chambers are conveniently 
and properly placed below the hearth. On the contrary, the 
hearths of steel furnaces or glass tank furnaces have no connection 
with the chambers, as the support given to the hearth would be 
very precarious, subjected, as it would be, to the sudden changes 
due to the heating and cooling of the chambers. 

The chambers should be provided with ample dust- and slag- 
settlers; they will protect, in large measure, the checkerwork from 
the accretions, which rapidly reduce the open spaces and soon 
necessitate la)dng the furnace up for repairs. 

In zinc metallurgy peculiar conditions obtain which necessitate 
the air- and gas-chambers being made of equal volumes. On 
account of the leakage of the zinc vapor through the walls of the 
muffles, as well as through the cracks of broken muffles, the waste 
products carry an appreciable amount of zinc oxide. This settles 
on the checkerwork and in time closes the free passages. If, how- 
ever, the gas is turned into the air-chambers, there is a reaction 
between the zinc oxide and the carbon of the soot brought in by 
the gas, a metallic zinc being formed. This is carried away by the 
waste products, thus cleaning the chambers. 

The ratio of the width of the open channels to that of the divid- 
ing walls should be in relation to the specific heats of the gases and 
of the firebricks. The open spaces should be larger in the gas- 
than in the air-chambers, in which the ratio may be made equal 
to unity. In most instances, however, the ratio of the volume of 
the checkerwork to the free space is much below unity, and this 
point cannot be directly taken into consideration. 

There is a great diversity of opinion among authorities in regard 
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to the proper dimensions for regenerators. Breslauer^ gives the 
following figures as ratio between the volume of a set of cham- 
bers in cubic meters and the steel production in metric tons per 
hour. 

Dowials 14.60 Terra Noiie 30.00 

Qras 15.50 Knipp (3-toii furnace) 86.00 

Hakttde 16.75 Swedish furnace 36.60 

Knipp (large furnace) 18.32 Bonricwerk «.. 44.00 



20.00 

Pates 20.60 Steelton (504on fumaoe)^ 37.45 

Semens recommends a total surface of 51 sq. m. of checkerwork 
per 1000 kg. of coal consumed in 24 hours, or 25.15 sq. m. per 
chamber. 

In regard to the weight to be given to the chamberwork, Griiner 
states that for each kilogram of coal consumed between two re- 
versals 50| and better 60, kilograms of checkerwork should be al- 
lowed for one set of regenerative chambers. Toldt goes a step 
further, and gives the following rule for the determination of the 
volume and weight to be given to the checkerwork: 

"A volume of 6 cu. m. and a weight of 2850 kg. should be pro- 
vided per cubic meter of gas or air (at 0° C. and 760 mm. pressure) 
for each 100** C. rise in the temperature in the regenerator." 

This rule, in terms of Griiner, would give 71 kg. per kg. of coal 
consumed between two reversals. 

H. H. Campbell' states that the combined volume of checker- 
work per set of chambers should be, as a minimum, 50 cu. ft. per ton 
of steel in the furnace, and double that amount to obtain the best 
results. In a 40-ton furnace of the Pennsylvania Steel Company, 
at Stedton, Pa., the volume is 65 to 70 cu. ft. In a 50-ton furnace, 
the illustration of which is given in Fig. 39, the volume is 100 cu. ft.; 
in a 30-ton furnace at Donawitz, Austria, the volume is 110 cu. ft., 
while it is 50 cu. ft. in a furnace at Sharon, Pa.; also 50 cu. ft. for a 
50-ton furnace at Duquesne, Pa., burning natural gas and having 
only two chambers, the air-chambers, affording nearly the capacity 
recommended. 

1 Breslauer, '*Der Stahl^uss in Maasef ormerei. ' 

2 Coinputed from data given, H. H. Campbell, loc, ciU 
SH. H. Campbell, loc. cU , page 100. 
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In cubic meters and metric tons, we have the ratio 
142 



45.4 



■= 3.12 or 3.12 cubic meters 



of the combing capacity of one set of chambers per metric ton of 
furnace capacity. In terms of Breslauer, the 50-ton Stedton 
furnace has a ratio of about 37.45. It is more direct and ampler 
than any of the rules giving the volume of the checkerwork as a 
fimction of the weight of coal burned, or of the volume of gas 
burned per unit of time. In a 40-ton Bain furnace^ given by F. W. 
Harboard', the ratio is 1.24. 

Comparison of H. H. Campbell' with Toldt's rules: The figures 
^ven are from the thermic anal3rsis of the work of a 50-ton furnace 
(Pig. 39). Assuming that a 50-ton charge is worked in twelve 
hours — 

Coal consumed per charge, 50 X 200 = 10,000 kg. 
Total carbon in 'the coal, 75.60%. 



Coal consumed per second — 



10,000 ^ 
12x3600" 



.231 kg. 



If deduction is made for the carbon in the ash, the carbon contents 
are 73.78%. The total carbon burned per second is then .231 X 
.7378 = .1704 kg. 





AnalyBis of produoeriEaa 




Garbon oontente 
m grams per 100 
liten of dry gM 


CO* 




5.7% 
22.0 

2.6 

0.6 
10.5 

0.4 
58.2 


8.06 


cof;:::::::::::::::::::::::::::::::: 


10.00 


fc:::::::::::::::::::::::::::::: 


1.40 
0.64 


HV... 




0^ . . 




nJ '- 






Total 








16.00 









s F. W. Harboard. "Ste^ 



> F. W. Harboard. "Steel." page 146. 

• J. W. Richards in H. H. Campbell, t4M:. eit, page 128. 
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The gas carried .0375 cubic meter of steam per cubic meter of 
dry gas. Cubic meters of dry gas produced per second, 

•^^^ 1.065. 



.160 

Cubic meters of wet gas produced per second, 

1.065 X 1.0375 = 1.105. 

If we assume the same rise of temperature as Toldt, the volume of 
the gas chambers will be 

1.105 X 6.0 X 4.5 = 29.84 cu. m. or 
29.84 X 35.3145 = 1053 cu. ft. 

The 50-ton Steelton furnace has about 3315 cu. ft. of checkerv^'ork 
for one gas-chamber. Thus the required capacity, according to 
Toldt, is about one-third of that of the standard American practice. 

In terms of the weight of coal burned per minute, the Griiner rule 
should be amended as follows: 

The weight of the checkerwork should be. of 230 kg, per kilogram 
of coal burned between two reversals. 

The air-chambers should have a larger volume than the gas- 
chambers. A ratio of 1 : 1.37 is proposed by H. C. McMillan.* 
He recommends in the same paper 15 ft. as the minimum depth of 
chambers, and preferably 20 ft. Ledebur favors a ratio of 
the volume of air to gas of 4 : 3 or 3 : 2. 

Calculation of the checkerwork necessary for a furnace consuming 
17,000 kg. in 24 hours. The ash, weighing 4000 kg., has the 
following composition: 

Water 28% 

Carbon 40 

Aah 32 

The elementary analysis of the coal is as follows: 



Carbon 82.5 

Hydrogen 5.0 

Nitrogen 1.2 

Oxygen 6.0 

Ash 4.1 

Moiflture 1.2 



100.00 



Calorific power 8210 cal.«». 
* H. C. McMillan, Proceedino* Institute of Cleveland Engineers, Jan. 1903. 
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Carbon in the coal, 17,000 X .825 = 14,030 kg. 

Carbon in the ash, 4,000 X .40 = 1600 kg. 

The carbon lost amounts to 11.41% of the total carbon of the coal. 

Recasting the elementary analysis, we have, 

Carbon utilised 73 . 1 % ^ 

Carbon lost in ash 9.4 i 

Hydrogen 6.0 

Nitrogen 1.2 \ 100.0 

22^^.:::::::::;::;;:;::;;: i? ! 

Moisture 1.2 J 

The gas has the following composition : 



Gas 


By Volume 


By Weight 


100 liters of 
dry gas 


cdV.V. '.*.'!!!! 


6.21 
20.3 

13.2 1100% 
3.1 
- 68.2 
* 2.6 


9.12' 

22.66 

1.06 

1.98 

66.20 


100% 


2.79 
10.90 

i!66 


N,. ..::::.: 




hIg 


1.79 






Total 












16.36 Or. 



Weight of coal consumed per second, 



17,000 



= .197 kg. 



86,400 

This coal contains .197 X .731 = .144 kg. of carbon. 

Cubic meters of producer-gas per second, 

.144 

' = .937 cu. m. of dry gas, or 

.1535 

.937 X 1.025 = .960 cu. m. of wet gas at (f C. and 760 mm. pressure. 



The products of combustion have the following volumetric 
anal3rsis: 

CO, 14.3 1 

N, 84.0 hOO% 

O, 1.7 

HaO 8.7 

The air required for combustion, per unit volume of gas, taking 
into account the excess of oxygen in the waste products (see tablel3) : 
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20.3 vol. CO require 10.15 vol. O, + 38.85 vol. N, 

13.2 " H, " 6.60 " O, + 25.13 " N, 

3.1 " CH^ '' 6.20 " O, + 23.61 " N, 

OQ ft 

Excess ^^ X 1.7 O, 3.40 " O, + 12.94 " N, 

^^•^ Total, 26.35 100.53 



Total volume of air, 126 . 88 

or 100 volumes of gas require 126.88 volumes of air, one volume 

requires 1.2688. 

Volume of air in cubic meters per second: 

.960 X 1.2688 = 1.218 cu. m., at O*" C. and 760 mm. pressure. 

Minimum Section of the OaS" and Air-Flues Leading to the 
Regenerator. 

Temperature of the gas, 400° C. 
Temperature of the air, 270° C. 
Volume of the gas at 400° C. : 

.960(1 + a t) = 2.468 X .960 = 2.370 cu.m. 

Maximum allowable speed, 3.0 meters per second. 

. 2.370 
Minimum section — — -— — .79 sq. m. 
3.0 ^ 

Volume of the air at 270° C: 

1.218 (1 + « t) = 1.218 X 1.9909 - 2.425 cu. m. 

2.425 

Minimum section — = .808 sq. m. 

3.0 ^ 

From the temperature given on page 241, the gas has a temper- 
ature of 850° C, as it comes from the regenerator, and 400° as it 
enters the checkerwork. The rise of temperature is, therefore, 
450° C. 

According to Toldt's rule, the cubic contents and weight of the 
checkerwork for the gas regenerator is found as follows: 
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Cubic contents .960 X 6 X 4.5 = 25.92 cu. m. 

Weight of checkerwork 2.850 X 4.5 X .960 » 12,312 kg. 

Volume occupied by the checkerwork, 

12,312 ^ ^- 
— '- — = 6.87 cu. m. 
1800 

Volume left vacant, 19.08 cu. m. 

Volume of the gas at 625° C, .960 X 3.2938 = 3.162 cu. m. 

Time of sojourn — -- - « 6.03 seconds. 
3,162 

Air Regenerator. 
Volume of air » 1.218 cu. m. per second, at (fC. and 760 mm. 

pressure. 
The air enters at 270'' C. and leaves at 950° C, a rise of 680° C. 
Volume of the checkerwork = 1.218 X 6.80 X 6 « 49.46 cu. m. 
Weight of the checkerwork = 1.218 X 2850 X 6.8 = 23,500 kg. 

Taking the weight of firebrick at 1800 kg. per cu. m., the volume 
occupied by the brick is 

— - — = 13.05 cu. m. 
1800 

leaving 46.41 cu. m. for the air. 

Volume of the air at 680° C: 

1.218 (1 + « t) - 1.218 X 3.2387 « 3.945 cu. m. 

The air would remain 

^^'^^ = 9.23 seconds. 
3.945 

Cross Section of the Ports. 
Allowable velocity of the air and gas, 8 m. per second. 
Temperature of the air, 950°. 
Temperature of the gas, 850°. 

Volume of the air at 950°, 1.218 X 4.4865 = 5.465 cu. m. 
Volume of the gas at 850°, .960 X 4.1195 = 3.954 cu. m. 

5.465 
Cross-section of the air-port, ~ o = -683 sq. m. 

3.954 
Cross-section of the gas-port, -' = .494 sq. ni. 

o 



CHAPTER XVII. 
Recuperators. 

Calculation of the Dimensions to be Given to the Recuperative Sur-- 
faces for a Muffle Furnace. — ^The data given in the design of a chim- 
ney will again be made use of in connection with the recuperator. 

Volume of gas generated per second at 0** C. and 760 mm. pres- 
sure = .4845 cu. m. 

Volume of Air Injected Per Unit Volume of Gas. 

20.31 vol. of CO require 10 . 155 vol.of O , + 38 . 67 vol. of N , 

(See table 14.) 
18.71 vol. of H 2 require 9 . 355 vol. of O , + 35 . 62 vol. of N , 

Excess of O, 10.53 vol. of O, + 40. 10 vol. of N , 

(See page 236.) Totals 30". 040 vol. , 114.39 vol. N , 

Total volume of air = 144.43 vol. 

or 100 volumes of gas require 144.43 volumes of air. One volume 
of gas requires 1 .4443 volumes of air. 
Volume of air injected per second : 

.4845 X 1.4443 = .700 cu. m. 
At 0° C. and 760 mm. pressure. 

Weighing .700 X 1.293909 = .906 kg. 

Volume of the wet waste products, * 1.343 cu. m. 

The waste products enter the recuperator at a temperature of 
1340® C. We will assume that the temperature has fallen to 400® C. 
at the recuperator exit; their average temperature is then 870® C. 

The total heat capacities of the products of combustion at 1340° C. 
and 400° C. are found as follows : 

1 The volume of the products of combustion haa been assumed to be 1.343 cm. inateaqf 
of 1.266 used in the stack calculations. 
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They contain per weight 

.361kg. of CO, 
.088 kg. of O, 
1.282 kg. of N 2 
.066 kg. of H,0 

From Fig. 88 the heat capacities at 1340® C. are: 



Gas 


Weights 


Heat Capacities 

in Calories 


Calories 


hJo 


.361 

.088 

1.282 

.066 

Weight 


411.0 
318.0 
366.0 
897.0 


148.6 

28.0 

< 469.0 

59.1 






Total 


704.6 


At400®C. wehave: 




Gas 


Heat Capacities 


Calories 


CO, 

8« 

N 2 

H20 


.361 

.088 

1.282 

.066 


X 91. 
X 88. 
X 100. 
X 206. 


- 32.9 

- 7.7 

- 128.2 

- 13.6 






Total 




- 182.3 



Then the available number of calories per second is 
704.6 - 182.3 = 522.3 

The air enters the flue leading to the recuperator at 30® C. and 
leaves the recuperator at 930® C, a rise of 900®. 

The volume of air to be pre-heated is .700 cu. m., weighing .960 
kg. It contains .698 kg. of nitrogen and .208 kg. of oxygen. 

Heat capacities of the injected air at 930® C. : 



Gas 


Weight 


Heat Capacities 


Calories 


8t:::: 


Total 


.208 
.693 


207. 
234. 


43.4 
163.3 






206.7 
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Heat capacities of the air at 30^ C: 



Gas 


Weight 


Heat Capacities 


Calories 


St::::::::::::::::::::::::: 


.208 
.608 


6.55 
7.50 


1.36 
6.25 




Total. 


6.61 









Calories to be taken from the waste products between 30** 0. 
and 930* C, 

206.7 - 6.6 = 200.1 calories. 
200.1 



Thus 



522.3 



38.3% of the total available calories contained in 



the products of combustion are utilized, leaving a large marpn 
for losses through radiation, etc. 



^€^3 




Fig. 78. — Section op Perforated Block. 

The perforated blocks are shown in Fig. 80. In order to sim- 
plify the calculations, all the formulas being in terms of cylin- 
drical tubes, we will make use of a perforated block of circular 
section, equivalent in area to one of the perforations of the fire- 
brick block. 

Area of the cross-section of one perforation, 

'^^^'" + (.076 X .105) = .01251 sq. m. 
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The diameter of the equivalent circle, 

d =• .126 m. 
The diameter of the outer cylinder, 

D = .126 + (2 X .030) =- .186 m. 
Area of the inner surface of block, one meter long, 

nDl= .397 sq.m. 
Volume of the enclosed air-column, 
nD'l 
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4 



.01251. 



Weight of the air-column, 

.01251 X 1.2939 = .0162 kg. 
The total number of calories to be absorbed by the air per hour 
200.1 X 3600 =» 720,360 calories. 




PiQ, 79, — Section Through Cylindrical Tube, Equivalent to One 

HALF OF THE PERFORATED BlOCK. 
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Let US find the number of calorieS; W, that can be transmitted 
per hour through the equivalent cylindrical tube, one meter long, 

W = CF r (1) 

In which C = Coefficient of heat transmission. 
F = Inside surface of cylinder, 
r = tj - t,. 

1 1 = Mean outside temperature 870° C. 

1 2 = Mean inside temperature 480° C. 
r = 870° - 480° « 390°. 

The formula giving the value of the coefiicient C is as follows: 

— = H h — log. nep. — (2) 

C a, D a , 2x ^ *^ d 

In which a i and a , are the coefficients of heat transmission for 
the outer and the inner surfaces. 
D = outer diameter, 
d « inner diameter. 

X = coefficient of heat conductivity of bricks ■* .7. 
a I for both surfaces = 8. 
a, is given by the formula, 

-«-0 1.0077*' - 1.0077*^ . er, /. .X >.. /ox 

a, = 125S + .55 6(t, - t,) (3) 

Where S' = radiation coefficient of firebrick = 3.60. 

b = convection coefficient of air. • 
Valerius gives for confined air, b = 4. 
For air in a free space, b = 5 to 6. 

The air being in motion, the higher coefficient will be taken, or, 
substituting in (3), 

b = 6 

^ 125X 3.6 ^•0077--I-0077-- + .55 X 6 X 390- 
390 



«, = 454.5 + 13.25 = 467.76. 

ry interesting paper haa recently appeare 
and furnace surfaces, by J. Bie<l. in Revue de Metallurgit, Sept., 1905. 



>A very interesting paper haa recently appeared on the quantitative radiation of flues 
■'*"'•' Rev ■ " - " . ^ , .^^-. 
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Substituting in (2), 

1 1 .126 1 .126, .186 

C"F^Tl86 + l67:75"-'Tl^"^-°'P- J[^^ 

— = •1218. 
C 

C = 8.21. 

Substituting in (1), 

W - 8.21 X .397 X 390 « 1271 calories per hour. 

Length of tubes required to transmit the necessary number of 

calories, 

720,360 ^^^ ^ 

= 667 meters. 

1271 

As each block has two perforations, thejength of blocks required 
is 

— -283.5 m. 
2 

The blocks are made conveniently in 292 mm. lengths. The 
bricks xised as spreaders between the perforated blocks are 
66 X 182 mm., taking 33 mm. from the length of each block; thus 
reducing their effective length to 259 mm. 

Total length of blocks, 

292 X 283.5 ,^^ ^ 

= 320 m. 

259 

For the general design of ports, see Fig. 31 and 32, while for th» 
recuperator, see Fig. 33 and 35. 

The blocks are placed side by side (Fig. 80), and only about 
one-half of their inner surfaces are placed at the distance of 30 mm. 
from the outer surfaces, as was assumed in the calculations; the 
total length found should be correspondingly increased. 

320 X 3 
Revised total length, — - — = 480 meters. 

For practical considerations the over-all width of the recuperator 
cannot exceed 5.18 m. To insure the proper air distribution 
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throughout the entire section of the recuperator it will be divided 
into two chambers. The secondary air will be offered a free ver- 
tical path from the lower distributing flue to the upper collecting 
flue. The outer walls are made .55 m. thick, the division walls .44 m. 



1 



CD CD 



CD CD 



i 





Fig 80. — Perforated Firebrick Blocks for the Parallel Counter- 
current System of Heat Recuperation. 



The width remaining for each chamber is 

5,18 -(1.10 +.44) ^^^2^ 
2 

Each chamber has — = 240 m. of perforated blocks. 

The length of the chamber is 6.200 m. Each chamber will have 
6 rows, 6.20 m. long, with 14 blocks in each, or for each meter of 
height 6 X 14 = 84 running meters of perforated blocks. 

Each row will then have a height of 

240 ^ „, 
— = 2.86 m, 

84 
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In order to use only full lengths of blocks we will take for the 
height the nearest common multiple of their length, 292 mm. or 
2.920 meters. 

Each chamber offers for the passage of the air 84 columns of per- 
forated blocks, each with two perforations of .01251 sq. m. area, 
a total of 

.01251 X84= 1.05 sq.m. 

The flue distributing the secondary air to the perforation should 
have a cross-section 50% larger than this, or 

1.05 X 3 ^ ^^ 
= 1.59 sq. m. 

The width of the chamber is 1.82 m. Height of flue 

. «« = -875 m. 
1.82 

Volume of the air at 480° C. for each chamber, 

.350 X 2.7616 = .967 cu. m. 

Mean velocity of the air through the perforations, 

•967 ^ 

= .92 m. 

1.05 

— a good velocity for small rough tubes. 
Volume of the air at 930® C, 

.350 X 4.4131 = 1.544 cu. m. 

For the proper distribution of the air in the hearth 11 ports 
per side are needed. For practical use they are made .160 
X .150 mm. 

The velocity of the heated air issuing through them is 

1-544 

« 6.24 m. per second. 

11 X .150 X .150 ^ 

The same number of gas-ports are placed alternating with the air- 
ports, 11 per side. The gas issuing through the ports has a tem- 
perature of 400® C. 
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Volume of gas per side, at 40CP C, 

.4845 

— — X 2.468 = .598 cu. m. 

For the sake of simplicity in construction, the gas-ports are 
made of the same size as the air-ports. 
Velocity of the gas issuing through the ports, 

.598 
~ - - , = 2.41 m. per second. 
11 X .ISC ^ 

Owing to the pressure with which the gas comes from the pro- 
ducers, its velocity is much higher than that indicated by its vol- 
ume and its temperature of 400° C. and the atmospheric pressure. 
In practice it is found that the gas velocity is higher than that of 
the air. 

The air is to be sent through the recuperator by means of a fan; 
this allows for a simple and efficient regulation of the volume re- 
quired. 

Following is a calculation of the velocity of the products of 
combustion through the recuperators. 

Volume of the products of combustion per side, their mean tem- 
perature through the recuperator being 870° C, 

1.343 

— — X 4.1929 = 2.82 cu. m. 

In order to secure a thorough contact of the blocks with the 
products of combustion throughout the recuperator, they are 
made to circulate in three consecutive horizontal paths (see Fig. 33 
and 35), on their way to the stack-flue. 

Thus only one-third of the available space of the recuperator is 
usable at one time. 

In each chamber we have passages 6.20 m. long by .182 m. wide 
and 259 mm. high. There are 50 such passages; the total vol- 
ume, then, is 

6.20 X .182 X .259 X 50. 

And as only one-third is available, the volume is, 

6.20 X .182 X .259 X 50 , „^ 
= 4.87 cu. m. 
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Mean vdodty of the waste products through the recuperator, 

4.87 

r-r:: = 1.73 m. per second. 

2.82 ^ 

The methods and formulas used in the calculation of the proper 
radiating areas to be taken for the absorption by air of a given 
number of calories can be made use of for all engineering problems 
involving the same factors. 

If, instead of a firebrick recuperator, we had chosen to select, for 
lower temperatures, cast-iron pipes, the radiation and conduction 
coefficient of cast iron would have been introduced into the formula. 

It is often desired to find the length of pipe required to cool to 
a known temperature a gaseous mass, traveling in cast-iron, wrought- 
iron or lead pipes. The samq formulas will apply by making use of 
the proper coefficients. 



CHAPTER XVIII. 

Reversing Valves. 

There are a large number of types of valves in use, from the 
original Siemens valve to the modem water-seals. A good valve 
should be such that it will preserve its true form, no matter to what 
range of temperature it is exposed. Cast-iron valves, when first 
made, may have perfect bearing surfaces; these are not preserved 
long, however, as the cast iron expands unequally, according to the 
shape of the casting, and the resulting distortion prevents the valve 
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Fig. 81. — ^Wailes Water-sealed Valve. 

from fitting tight on its seat. Once the valve has become warped, 
it should be removed at once, as its condition will become worse 
on account of the high temperature caused by the gas burning at 
the leak. Also small amounts of dust, soot, etc., settling on the 
seat, will prevent tight closing. The seats should be selected with 
the view of avoiding the settling of solid particles, and should be 
self-cleaning. 

The only valves that remain tight at all temperatures are the 
water-seal valves, providing that the level of the seal is kept hor- 
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Fig. 82. — ^Reversing Valve. 
From F. Toldt. "Regenerativ Qaadfen." 
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izontal. They have one grave defect, however, that of vaporizing 
a large quantity of water, the vaporization being a function of the 
temperature of the gas pajssing through the valves. This increase 
in the water vapor has an unfavorable effect on the thermic effi- 
ciency of the furnace, and in the case of steel furnaces may cause 
increased oxidation of the metallic bath. 




FiQ. 83. — FoRTER Water-sealed Reversing Valve, Hand-operated, with 
Casino Raised, Showing Hood and Water-seal. 

For most purposes, water-seal valves are to be preferred. Im- 
portant leaks of gas are sometimes caused by dry valves, a portion 
of the producer-gas short-circuiting to the stack. 

As an instance, we have the following sample of stack gas taken 
from a zinc furnace in which it was intended to use a thoroughly 
oxidizing flame: 




1 

s 






g 



•J 
S 



266 INDUSTRIAL FURNACES AND METHODS OP CONTROL 





by VcSume 


by'V^icht 


CO, 


13.76 


20.21 


CO 


2.60 


2.34 




3.76 


4.01 


Hj 


1.93 


0.13 


Ni 


78.07 


73.31 


H,d 


4.60 





Entailing a dead loss of 16.67% of the fuel used. 

It is well to have the gas inlet and the reversing valves distinct, 
the inlet valves being removed from the high temperature of the 
reversing valves. 

Hearth. 

In the original Siemens furnace the roof is depressed, as it was 
thought necessary to bring the flames to impinge on the material 
to be heated on the hearth. This form has very serious drawbacks, 
among which are the rapid deterioration of the roof and the incom- 
plete combustion of the gases. 

In a furnace of so small a volume the velocities of the gaseous 
masses are so great that, notwithstanding the high rate of diffusion 
between the highly heated gases, they reach the ports of exit before 
complete combustion takes place. Furthermore, this disposition 
compels the gases to distribute themselves in thin blade-like streams, 
which bum only at their surface of contact. 

Friedrich Siemens strongly advocates high, domenshaped roofs, 
claiming that heating should be obtained by radiation. This form 
is doubtless the best for bituminous producer-gas, and in general 
producer-gases rich in illuminants. For producer-gas made from 
coke, anthracite or charcoal, a high roof would not be economical 
in fuel, as the flame is not very luminous. 

It is well known that the contact of relatively cold materials 
cools the gases below their ignition points, thus promoting incom- 
plete combustion. 

In industrial operations, however, it is the ultimate economy 
which is the only important one. While the heating by radiation 
may be conducive to fuel economy, the time of melting, as claimed 
by H. H. Campbell, * is reduced by making the flame impinge on 
the stock. 

^ H. H. Campbell, loc. cit., page 213. 
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Fig. 85. — Various Types of Gas and Air Ports. 

From F. Toldt, loc. cU. 



REVERSING VALVES. 269 

Under American conditions it is of more importance to reduce 
the time of melt, thereby increasing the furnace capacity per day, 
than to save some fuel, while the reverse is probably true on the Con- 
tinent, where fuel is very expensive and labor comparatively cheap. 

The tendency of the present practice in the United States is to 
have a slight rise in the roof. However, many furnaces have a 
practically straight roof along a median line, passing through the 
hearth's longer a:ds (see Fig. 39). Roofs built along these lines 
are long-lived, as they are not cut by the flames. 

The volume of the hearth should be such as to allow the velocities 
of the gases to decrease very materially as they issue from the ports, 
allowing the products of combustion to remain as long as practi- 
cable in the hearth. The increase in the time of sojourn permits 
complete combustion, as it affords a better opportunity for the 
diffusion to take place. 

Ports. 

Many designs and dispositions of ports have been advanced, 
most of them quite complicated. With the gas and the air highly 
pre-heated, it is not necessary to go into great refinements of con- 
struction in order to secure complete combustion. 

It is to be remembered that the ports have to withstand the most 
severe conditions, and that, above all, their construction should be 
such as to allow of long life and quick repairs. 

The suggestions first brought forward by Siemens are still good» 
He recommended that the gas be prevented from coming in contact 
with either the roof or the furnace sides, the air-ports, therefore, 
to be placed above the gas-ports and overlapping these at both ends 
(No. 5, 10, and 13, Fig. 85). 

In Fig. 85 are given several dispositions of ports. For small 
furnaces, the ports should either be inclined toward each other, or 
the air-ports given a sharp angle toward the gas-ports (No. 4 and 8, 
Fig. 10). The point of intersection of the gas and air currents 
should neither be too near the ports, as it would endanger their 
lives, nor too far, as the combustion would hardly have begun before 
the flame would meet the hearth material. 

For large furnaces (50 to 70 tons) the air-port is given only a 
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Slight angle toward the gas-port. The present practice in America 
for these large furnaces is to have two ports only, one for the air 
and the other for the gas, the air-port overlapping the gas-port at 
each end. 

In the Schoenwalders furnace, the gas and air meet in a com- 
bustion chamber preceding the hearth; this chamber and the ports 
themselves must be exposed to extreme temperatures; the loss by 
radiation is very high, and serves no good purpose. 

In order to increase the length of the campaign of open-hearth 
furnaces, inventors have sought to enclose the ports, with their 
sub-dividing walls, in a removable cage with its own system of tie- 
rods and braces. This construction allows the removal of a block 
needing repair and its replacement in about an hour's time. The 
design of the block shown in Fig. 39 is that of C. E. Stafford. 

Fig. 86 shows the construction of the self-contained, removable 
port-blocks of a tilting Wellman furnace. 

The introduction of air-cooled cast-iron blocks under the ports 
also tends to lengthen the life of the port-blocks. In the case of 
tank glass furnaces (Fig. 38), or with muffle furnaces, where the 
flames have to heat a very large hearth at a uniform temperature, 
the ports are alternated, being placed side by side, or better in 
two horizontal rows, and are all built with horizontal sides, in order 
to have a gradual diffusion. The construction shown in Fig. 32 
would tend to create an intense combustion at the zone of inter- 
section of the two currents, which would endanger the life of a 
vessel in dose proximity. 

The conditions necessary to insure complete combustion, in the 
opinion of Ledebur, * are as follows: 

(1) High temperature in the combustion chamber. 

(2) Intimate mixture of the gases and air. 

(3) Diffusion of the chemically reacting gases. 

(4) Excess of oxygen. 

All these conditions are practically met in modem metallurgical 
furnaces. 

> Ledebur, " Die Ga^feuerungen." 



CHAPTER XIX. 
Powdered Fuel. 

Whenever practical, the use of powdered fuel offers considerable 
economy over direct or gas firing. The heat obtained is also more in- 
tense than that which can be obtained from either solid coal or pro- 
ducer-gas if care is taken to pre-heat the air required for combustion. 

Dust-coal firing has the further advantage over gas furnaces of 
doing away with the gas-producer and its inherent losses. These 
are considerable, for it is seldom that the average thermic loss, in 
the gasification of the fuel by premature combustion to carbon 
dioxide, heat radiation and convection, is under 20% of the avail- 
able calories; to this should be added the loss due to the carbon 
contained in the ash and the coal consumed in the boiler grate for 
the production of the steam required for the ga&-producer. A 
total loss of 30% is a conservative figure for good practice. 

With coal-dust firing there is only one combustion, that to CO ,; 
further, the combustion is complete, the ash being free from 
residual carbon. The air required for combustion is also sus- 
ceptible of dose regulation, it being added in proper volumes and 
at the same time, mixed with the fuel. 

The preparation of the powdered fuel, however, is a serious mat- 
ter. For proper combustion the coal must be crushed and com- 
minuted so that 95% of it will pass through a 100-mesh screen. 
Previous to crushing the coal must be freed from all moisture. 

After going through a rotary dr3ring kiln, the coal is sent to a 
tube-mill, half filled with French and Danish flint pebbles, 2 to 7 cm. 
in diameter. The grinding and screening take place jointly. From 
the tube-mill the fine dust is conveyed to the furnace. 

When reduced to such fineness and kept dry, coal-dust will flow 
very much as a liquid. There is very little danger of the dust clog- 
ging up pipes or hanging in hoppers, etc. 
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The danger of a subsequent explosion, due to the ignition of 
coal-dust, has been largely overestimated. Since a terrible coal- 
dust explosion took place, in the grinding-mill of a cement company, 
care has been taken to avoid the accumulation of the powdered 
coal on the floors, and also to provide sufficient ventilation. The 
main point to bear in mind is to avoid a confined place in which the 
coal-dust may become well mixed with air. 

Powdered coal, while lying in a heap, will bum as slowly as so 
much punk; a svMen complete combustion, giving, by the prac- 
tically instantaneous elevation of temperature, rise to destructive 
gas explosions, can only take place if the coal-dust is thoroughly 
mixed with air. Such conditions will prevail when the powdered 
fuel is carried along by an air current. The coal-dust explosions 
of dry coal jnines occur under precisely such conditions. If an ex- 
plosion, small or large, of fire-damp takes place, the thick layer of 
coal-dust covering the walls, timbers and floor is at once trans- 
ported by the powerful air current, and a secondary explosion may 
take place in the fuel cloud, which may prove more disastrous than 
the primary one. The same thing may occur with any combus- 
tible material, as flour, etc. Practically all the cement produced 
in the United States, outside of the natural gas or oil fields, is 
burned with coal-dust, and explosions are rarely heard of. 

Dust-coal firing is admirably adapted to the obtention of high 
temperatures in long hearths. The pre-heating of the air required 
for combustion gives rise to a particular difficulty with regard to 
the ash-dust carried by the waste products. 

The regenerator should be designed with generous ash-settling 
chambers and large passages in the checkerwork to prevent their 
undue contraction by the accumulation of ash-dust; at the same 
time the total area should not be so large as to cause the velocity 
of the gaseous currents to become too small, this tending to increase 
the ash-dust deposition. 

The parallel counter-current regenerators are well adapted for 
this purpose, for, as we have seen, besides avoiding the use of 
valves, it is possible to clean out the passages for the waste produdts 
by a jet of steam or compressed air, or even with small and sharp 
water-jets. Just enough water should be injected to have instan- 
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taneous vaporization; some qualities of firebrick will stand sudden 
cooling without spalling. For regenerators a design similar to that 
of blast-furnace hot stoves would be advantageous, these being 
formed of a series of thin solid walls; the cleaning would thus be 
much simplified. Such a chamber would resemble that of the 
Ferraris Zinc Gas Furnace, U. S. patent 714,685. 

Coal-dust firing, like gas firing, requires for great efficiency that 
the combustion take place in a chamber in contact with highly 
heated material, firebrick being the best. A comparatively cool 
surface will cause a chilling of the fuel and air immediately in con- 
tact with it below the ignition point, resulting in incomplete com- 
bustion. It follows that, if dust firing is to be used in connection 
with boilers, a firebrick combustion chamber should be provided in 
order that only the oxidized waste products come in contact with 
the boiler flues. 

The powdered coal may be supplied to the furnace in different 
wa}rs, according to its dimensions. Practically the same remarks 
made in connection with gas firing apply to firing with coal-dust. 
For a small hearth, the fuel should be fed in a diffuse state, that is, 
already mixed with the air required for combustion. For long 
furnaces, as rotary cement kilns, roasters, driers, etc., the fuel 
should be sent axially under high velocity, the air being admitted 
by ports, parallel to the coal-dust port. A powerful elongated 
flame is created, the coal-dust burning practically the whole length 
of the furnace, which may be 150 ft. long. ^ 

Coals rich in volatile matter, as gas coals and lignites, are to be 
preferred. The following analysis is a fair average of the West 
Virginia gas coals: 



Fixed carbon 54 . 

VolatUe matter 32.76 

Ash 12.00 

Moisture 1 .26 

With such coals, the combustion takes place practically in two 
stages. The coal as it emerges from the stoker is coked, the vola- 
tile matter being liberated and burned at once, while the solid coke 
is first brought to bright redness before it ignites. During these 

1 Rotary cHnkering furnace of the Edison Portland Cement Company. 
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successive operations, the coal has traveled a large portion of the 
length of the furnace. 

CoAL-DusT Stokers. 

Few fields of industry have been more studied than the applica- 
tion of powdered fuel to furnace firing. On pages 283-286 is given 
a list of the United States patents covering the field. All are based 
on the injection, under pressure as high as 50 lb. and as low as 
8 oz.; of the air carrying with it the powdered fuel. 

The greatest field of coal-dust firing is in the cement industry. 
Practically all of the cement produced in the United States is made 
in rotary kilns, and this t3rpe is fast superseding all other forms 
abroad. The rotary cement kiln has not a high thermic efficiency; 
its simplicity of operation and large capacity, however, make it on 
the whole very economical. Its thermic efficiency is low, for the 
following reasons: 

(1) High velocity of the gases rushing through it. 

(2) Large excess of air, there being a number of openings some 

of which cannot be closed, such as the necessary clearance 
space between the terminal hoods and the kiln proper. 

(3) Practically no air recuperation. 

(4) High radiation of the metallic wall. 

(5) High temperature of the issuing clinker. 

The radiation is unavoidable, and, furthermore, necessary, the 
life of the shell depending on it. The efficiency can be increased 
only by reducing the losses due to the excess of air and by recu- 
peration. A number of recuperators have been proposed; most 
of them, however, are faulty in principle and cannot give good air 
recuperation. 

Rotary Idlns are built with a second rotary kiln lying in the 
same or in the reverse direction. The cement mixture enters the 
upper kiln, the clinker being discharged into the second. An air 
current is made to pass in a reverse direction, first through the 
lower kiln, then through the upper, to the combustion of the fuel. 
In long Idlns, 5 to 8 ft. in diameter, the heated air will rush along 
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the upper surface, while the hot clinker occupies the lower part. 
The heating of the air can be done only through direct contact, 
not by radiation. The air is in contact only with the shell of the 
kiln, which is in turn heated by contact with the clinker. The 
calories carried away by the white clinker form a large percentage 
of the fuel used. 

The following example is taken from practice: 

A rotary kiln producing 200 bbl. of clinker (weight of a barrel is 
173 kg.) per 24 hours consumes 54.5 kg. of fuel per bbl. The clinker 
leaves the kiln at a temperature of 1300® C. Taking the specific 
heat of cement clinker to be, at that high temperature, .30, the 
calories contained in the clinker produced daily are 

173 X 200 X .30 X 1300 = 13,494,000 calories. 

The analysis of the coal is given, page 274. 

The calorific power of the coal can be found by means of Gk>utal's 
formula (see page 222). 

V = Volatile matter, neglecting ash and moisture. 

« 100X32.75 ^^^^^ 
-^^-^=37.75%. 

From the table of factors: 

a = 85.75 calories. 

Substituting in Goutal's formula. 

Calorific power = 82 X 54 X 85.75 X 37.76 - 7665 cal. 

The calories contained in the clinker are equivalent to 

13,494,000 ,^^^, , , 
' — = 1760 kg. of coal. 
7665 ^ 

The kiln consumes per day, 54.5 X 200 = 10,900 kg. 

The calories carried away by the hot clinker are equivalent to 

IZ^^^ii^ - 16.14%. 
10,900 * 

A rather important percentage of the total available calories. 
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It is necessary to cool the clinker for handling. This is usually 
done by first quenching it with water, and then finishing the cooling 
by air currents. For the latter treatment, the clinker is stacked 
in an iron tower, with baffle plates, the air being forced to go through 
the clinker piles on its way to the atmosphere, whence it passes as 
soon as it has been heated. 

Efficiency Test of a Rotary Clinkering Furnace for the Manufacture 
of Portland Cement, 

A rotary kiln 20 m. in length bums .131 kg. of powdered bitu- 
minous coal per second, and sinters .656 kg. of raw rock mixture 
in the same time. The whole of the ash in the coal is collected in 
the dust chamber, none contaminating the clinker. 

Analysis of the Products of Combustion, 

CO, 26.53% 

O, 

CO 1.70 

N, 71.77 

Total 100.00 

Water vapor S.50% 

The elementary analysis of the coal is as follows: 

Total carbon 76.5 % 

Hydrogen 4.91 

Ash 8.50 

The analysis is given on dry basis; the coal carried 0.94% of 
moisture. 

Calorific power (dry basis) 7804 calories. 

Both the raw rock and the powdered coal were fed into the 
bins at a temperature of 52° C. 
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Analysis of Raw Rock. 

Carbon dioxide 31 .81% 

Water 2.62 

Graphite 1 .05 

Loss by ignition 35.48 

Temperature of the products of combustion 800*^ 

Temperature of discharged chnker 1320° 

We will first find the total amoimt of calories brought in the 
furnace: 

Kg. of dry coal bnmed per second, .9906 X .131 =» .1297. 
Calories brought by coal, .1297 X 7804 = 1012.7. 
Kg. of graphite in raw rock, .656 X .0105 = .00689. 
Calories hberated by graphite, .00689 X 8147 = 56.11. 
Sensible heat brought by coal and rock, taking their specific heat 
as .21 for both, 

(.056 + .131) X .21 X 52 = 8.6 calories. 

Total number of calories brought by the coal and the raw rock, 
1012.7 + 56.1 + 8.6 = 1077.4. 

We will take the specific of the clinker to be .30 at the tem- 
perature of 1320°. 

Clinker produced per second, .656 X .6452 = .424 kg. 
Calories held by clinker at 1320°, 

.424 X .30 X 1320 = 168. 

Total weight of carbon brought by the rock and coal per second: 

Carbon in coal, .1297 X .765 == .0993 kg. 

Carbon as graphite, .00689 

Carbon dioxide in rock, .656 X .3181 = .209. 

12 X 209 

Carbon in carbon dioxide, '- — - = .057 kg. 

44 

Total carbon, .0993 + .0069 + .057 - .1632 kg. 
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One cubic meter of waste products at 0° and 760 mm. pressure 
contained 265.3 liters of carbon dioxide, weighing 

.2653 X 1.96503 - .52132 kg. 

holding = .1422 kg. of carbon. 

44 

Tlie 17 liters of carbon monoxide weighed 

.017 X 1.2505 = .02126 kg. 

and contained '- — = .0091 kg. of carbon. 

28 

Total weight of carbon per cm. of wast^ products, 

.1422 + .0091 = .1513 kg. 

Since we have accounted for all of the carbon entering the fur- 
nace, it becomes possible to calculate the volume of the waste 
products issuing from the stack, per second: 

1 ^oo 

Volume of dry gases = 1.08 cm. 

.1513 

Volume of wet gases, 1.08 X 1.085 = 1.17 cm. 
Weight of the water vapor, per second, 

.085 X 1.08 X .80405 = .0737 kg. 
Total weight of carbon dioxide, per second, 
.52132 X 1.08 = .56232. 
Calories contained in .56232 kg. of carbon dioxide at 800**: 
From Table 5 we find the thermal capacities per kilogram, 
.562 X 208 = 117. calories. 
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Weight of nitrogen in 1.08 cm., 

1.2544 X .7177 X 1.08 = .9711 kg. 
Weight of the carbon monoxide: 

1.2505 X .017 X 1.08 = .023 kg. 

Thermal capacities of carbon monoxide and nitrogen at 800°, 

207 calories. 
Calories held by the nitrogen and carbon monoxide, 

(.9711 + .023) X 207 = 205.76 calories. 

Latent calories held in .023 kg. of carbon monoxide, 

.023 X 2403 = 55.10 calories. 

Calories held by the water vapor, 461 calories per kg. at 800°, 

.0737 X 461 = 33.98 calories. 

Total number of calories, latent and sensible, lost, 

117. + 205.76 + 55.10 + 33.98 = 411.84 calories. 

According to our definitions of lost and utilized heats we have: 

Heat lost through the stack (sensible and latent), 

411.84 X 100 ^^^^ 

-ro77:i-='^'-''^- 

Heat lost through incomplete combustion (latent heat), 

55.10X100 ^,,^ 
. 1077:4-= '■'''^- 

Heat carried away by the clinker, 

168X100 

ro77T"" ^^•^/''- 

Heat utilized in the furnace, per difference, 46.18%. 
What volume of air was injected in the kiln? 
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The total weight of carbon burned per second is .1022 kg., of 
which .0098 kg. was burned as carbon monoxide and the remainder, 
.0924, as carbon dioxide. 
One kg. of carbon burning to carbon dioxide requires 9.02 cm. 

of air (Table 2). 
Volume of air required by the carbon burning to carbon dioxide, 

9.02 X .0924 = .8334 cm. 

One kg. of carbon burning to carbon monoxide requires 4.48 cm. 
of air; the volume required for .0098 is 

4.48 X .0098 = .044 cm. 

Weight of hydrogen burned per second, 

.0491 X .1295 = .00637 kg. 

One kilo of hydrogen requires 26.88 cm. of air. 
Volume of air required for the hydrogen, 

.00637 X 26.88 = .1712 cm. 

Total volume of air, 

.8334 + .044 + .1712 = 1.0486 cm. 

The inner cross-section of the kiln being 1.824 sq.m., what is 
the mean velocity of the gases through the barrel? 

The temperature of the gases near the discharging point of the 
clinker is 1340°: 

1340 + 800 ,^^^ 
Mean temperature = 1070°. 

Volume of the waste products at 1070° (Table 19) : 

V = V (1 -h at) = 1.17 X 4.9269 = 5.766 c. m. 

Mean velocity, in meters: 

5.760 „ ,^ 
1.824 =^-^«™- 
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By increasing the length of the kihi from 20 to 40 meters the 
temperature of the waste products has been lowered to 300°. What 
percentage of heat will then be lost through the stack, and what 
will be the resulting economy? 

At 300° the thermal capacities of the carbon dioxide, carbon mon- 
oxide, nitrogen and water vapor are respectively; 

68.1, 76 and 153 calories. 

By using the weights found previously we have a total loss in 
calories, through the stack, of 125.14. 

% of heat lost ^^5.14X100 ^ hqic^ 
1077.40 ' 

a difference of 

38.22- 11.61 = 26.61%. 

Through proper recuperation of the calories carried away by 
the cUnkers (15.60% of the total available calories), it is possible 
to bring back in the furnace, as heated air, about 10% of that 
lost heat. Thus, by proper kiln dimensions and recuperation, a total 
saving of 36% can be effected. 



CHAPTER XX. 

List op U. S. Patents Covering the Stoking of Powdered Fuel. 

53;208— March 13, 1866. Improved Method of Burning Waste 
Coal. J. D. Whdpley and Jacob J. Storer. 

Reissue 3,857 — March 1, 1870. Improvement in the Use and 
Application of Fuel in Metallurgic and Other Furnaces. J. D. 
Whelpley and Jacob J. Storer. 

103,695— May 31, 1870. Improvement in Feedmg Fuel to Metal- 
lurgic and Other Furnaces. J. D. Whelpley and Jacob J. Storer. 

103,804— May 31, 1870. Improvements in Feedmg Powdered 
Fuel to Metallurgic and Other Furnaces. J. D. Whelpley and Jacob 
J. Storer. 

111,614 — Feb. 7, 1871. Improvement in Apparatus for Feeding 
Pulverized Coal to Furnaces. Thomas Russd Crampton. 

111,615 — ^Feb. 7, 1871. Improvement in Apparatus for Distribut- 
ing and Feeding Powdered Fuel to Furnaces. Thomas Russd 
Crampton. 

111,616 — Feb. 7, 1871. Improvements in Furnaces for Burning 
Pulverized Fuel under Steam-Boilers, Evaporators, etc. J. D. 
Whelpley and Jacob J. Storer. 

116,903 — ^July 11, 1871. Improvement in Treatment of Ores by 
means of Fuel, Chemicals and Fluxes. J. D. Whelpley and Jacob 
J. Storer. 

120,007— Oct. 17, 1871. Improvement in Apparatus for Feeding 
Pud into Furnaces. John Y. Smith. 

120,008— Oct. 17, 1871. Improvement in Apparatus for Feeding 
Pulverized Fud to Metallurgical and Other Furnaces. John Y. Smith. 

120,680 — Nov. 7, 1871. Improvement in Apparatus for Feeding 
Pulverized Fud to Furnaces. John Y. Smith. 

184,122 — Nov. 7, 1876. Improvement in Pulverized Fud Feeder 
for Smdting-Fumaces. "V^iam West. 
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185,592 — ^Dec. 19, 1876. Improvement in Apparatus for Intro- 
ducing Powdered Fuel into Furnaces. George K. Stevenson. 

227,176— May 4, 1880. Feeder for Pulverized Fuel. John G. 
McAuley and William West. 

234,395— Nov. 16, 1880. Hydrocarbon-Fumace. William D. 
Dickey. 

238,891— March 15, 1881. Device for Feeding Fine Fuel. Au- 
gustin Greiner. 

240,265— Apr. 19, 1881. Apparatus for Feeding Fuel. Charles 
H. Palmer. 

243,593— June 28, 1881. Furnace. John G. McAuley. 

245,427— Aug. 9, 1881. Mechanism for Feeding Fine Fuel. John 
D. Averell. 

247,570— Sept. 27, 1881. Fuel-Feeding Apparatus. John G. 
McAuley. 

261,864— Aug. 1, 1882. Feeding Light Fuel. Henry Mason. 

265,347— Oct. 3, 1882. Burning Pulverulent Fuel. Ernest Tour- 
angin. 

292,237— Jan. 22, 1884. 'Apparatus for Feeding and Consuming 
Fine Fuel. Julius Leede. 

295,145— Mar. 18, 1884. Ooal-Dust Feeder. Henry A. Bradley. 
.317,712— May 12, 1885. Hydrocarbon Injector. William W. 
Brisben. 

327,210— Sept. 29, 1885. Feeding Fine Fuel. William West- 
lake. 

332,975— Dec. 22, 1885. Feeding Fuel to Boilers. Samuel W. 
Valentine. 

338,105— Mar. 16, 1886. Feeding Fine Fuel. William Rogers. 

406,753— July 9, 1889. Apparatus for Burning Culm. Allan 
Mason. 

411,555 — Sept. 24, 1889. Apparatus for Burning Coal and Hy- 
drocarbon Fuel in Combination. Allan Mason. 

414,322— Nov. 5, 1889. CoaJ-Dust Feeder. Edmond Pait. 

438,852— Oct. 21, 1890. Apparatus for Burning Coal and Hydro- 
carbon Fuel in Combination. Allan Mason. 

457,589 — ^Aug. 11, 1891. Rotary Furnace for Burning Cement, 
Lime, etc. Jose F. De Navarro. 



PATENTS CONCERNING POWDERED FUEL. 285 

464,514 — ^Dec. 8, 1891. Rotary Furnace for Burning Cement. 
Jose F. De Navarro. 

475,715— May 24, 1892. Firing Apparatus for Use with Coal- 
Dust. Carl Wegener. 

494,375— Mar. 28, 1893. Pulverized Fuel Feeder. Hugh S. 
Grigsby. 

510,788— Dec. 12, 1893. Pulverized Fuel Burner. Frederick H. 
Hawkins. 

511,004— Dec. 19, 1893. Firing Apparatus for Use with Coal- 
Dust. Carl Wegener. 

516,652— Mar. 20, 1894. Fine-Fuel Furnace. Hermann Kluep- 
fel. 

517,632— Apr. 8, 1894. Fine-Fuel Furnace. Carl Wegener. 

519,784— May 15, 1894. Coal-Dust Firing Apparatus. Cari 
Wegener. 

524,579 — Aug. 14, 1894. Fuel-Feeding Device. Joseph Davies. 

531,160 — ^Dec. 18, 1894. Apparatus for Burning Granular Fuel. 
Colin W. Qayboume. 

537,108— Apr. 9, 1895. Coal-Dust Feeder for Furnaces. Alfred 
Friedeberg. 

540,114 — ^May 28, 1895. Method of and Apparatus for Mixing 
Coal-Dust and Air for Combustion. Constanz Schmitz. 

551,074— Dec. 10, 1895. Feeding Appliance for Coal-Dust. Fer- 
dinand De Camp. 

551 ,098— Dec. 10, 1895. Apparatus for Burning Fine Fuel. Wil- 
liam Melvin Russel. 

553,696— Jan. 28, 1896. Fuel-Burner. Gamaliel C. St. John. 

554,327— Feb. 11, 1896. Coal-Dust Firing Apparatus. Carl 
Wegener. 

558,875— Apr. 21, 1896. Apparatus for Burning Coal-Dust. 
Georg Hillinger. 

Reissue 11,816 — ^Apr. 3, 1900. Apparatus for Burning Coal-Dust. 
Georg Hillinger. 

558,875— Apr. 21, 1896. Apparatus for Burning Coal-Dust. 
Georg Hillinger. 

563,789— July 14, 1896. Feeding Pulverized Fuel. Edward C. 
mith. 
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568,599— Sept. 29, 1896. Method of and Apparatus for Calcining 
Cement. Clifford Bonneville. 

571,139— Nov. 10, 1896. Fuel-Feeder for Furnaces. Wilhelm 
Ruhl. 

577,995— Mar. 2, 1897. Furnace for Burning Coal-Dust. Gustav 
Unger. 

581,244— Apr. 20, 1897. Apparatus for Feeding Comminuted 
Fuel to Furnaces. Charles J. Allen and Frank R. Tibbitts. 

582,587— May 11, 1897. Apparatus for Utilizing Heat of Fur- 
nace Products. Alexander Marshall Hay. 

626,981— June 13, 1899. Feeding Device for Steam-Boiler Fur- 
naces. Joseph Davies. 

645,031— Mar. 6, 1900. Apparatus for Burning Pulverized Fuel. 
Edward H. Hurry and Harry J. Seaman. 

658,069— Sept. 18, 1900. Method of Feeding Pulverized Fuel. 
Frederick H. Lewis. 

661 ,700— Nov. 13, 1900. Apparatus for Burning Pulverized Fuel. 
Frederick H. Lewis. 

691,337— Jan. 14, 1902. Apparatus for Feeding Fine Fuel. RoUa 
C. Carpenter. 

759,356— May 10, 1904. Method of Burning Portland Cement 
Clinker, etc. Thomas A. Edison. 

759,357 — May 10, 1904. Apparatus for Burning Portland Cement 
Qinker, etc. Thomas A. Edison. 



TABLES. 



CHAPTER XXI. 
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5.36 


5.95 


4.8 


16.08 


20.88 


35.0 


117,22 


152.22 


1.7 


5.59 


7.39 


4.0 


16,41 


21,31 


36.0 


120.56 


156.56 


l.S 


6.03 


7. S3 


5.0 


16.74 


21.74 


37.0 


123,90 


160.90 


1.9 


fi.36 


8.26 


6.0 


20.04 


26,04 


38.0 


127.34 


165,24 


3.0 


6,70 


S.70 


7.0 


23.44 


30.44 


39.0 


1,^0-58 


160.58 


3.1 


7.03 


9.13 


8.0 


26.80 


34,80 


40.0 


133.92 


173,03 


3.3 


7,37 


9.S7 


O.G 


30.14 


39 . 14 


41,0 


137.22 


178.23 


2.3 


7.70 


10.00 


10. 


33.48 


43. 4S 


42.0 


140.56 


182,56 


3.4 


8.04 


10.44 


11.0 


36.75 


47 . 78 


43.0 


143.82 


1S6.82 


3.C 


8.37 


10.87 


12.0 


40,08 


52.08 


44.0 


147.12 


191,12 


3.« 


8.71 


U.31 


13.0 


43.48 


66,48 


45,0 


150,56 


195.55 


3,7 


9,04 


11.74 


14.0 


45.88 


60,88 


46 


154.60 


200.00 


3.S 


9.38 


12 18 


15.0 


50.24 


65.24 


47.0 


157 16 


204.16 


3.0 


9.71 


12.61 


16.0 


53.60 


00.60 


48.0 


160.32 


208.32 


3.0 


10.02 


13.02 


17.0 


66.94 


73.94 


40.0 


163.73 


212.72 


3.1 


10.38 


13.48 


18.0 


60.28 


78.28 


50.0 


167.12 


217.12 


3.2 


10.71 


13.01 


19.0 


63.62 


82.62 


60.0 


200.06 


260.06 
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TABLE 14 



Coif POSITION IN VOLUlfBS OF THB AtMOBVHBRIC AIR. 



02 


,^2 

.38 


Air 


O2 


N2 ; 


Air 


0, 


N, 


Air 


0.1 


.48 


3.3 


12.56 1 


15.86 


20.0 


76.16 


96.16 


0.2 


.76 


.96 


3.4 


12.94 1 


16.34 


21.0 


79.97 


100.97 


0.3 


1.14 


1.44 


3.5 


13.32 


16.82 


22.0 


83.78 


105.78 


0.4 


1.52 


1.92 


3.6 


13.70 1 


17.30 


23.0 


87.58 


110.58 


0.6 


1.90 


2.40 


3.7 


14.08 


17.78 


24.0 


91.39 


115.39 


0.6 


2.28 


2.88 


3.8 


14.46 


18.26 


25.0 


95.20 


120.20 


0.7 


2.66 


3.36 


3.9 


14.85 ! 


18.76 


26.0 


99.01 


125.01 


0.8 


3.04 


3.84 


4.0 


15.23 I 


19.23 


27.0 


102.82 


129.82 


0.9 


3.42 


4.32 


4.1 


15.61 


19.71 


28.0 


106.62 


134.62 


1.0 


3.81 


4.81 


4.2 


15.99 1 


20.19 


29.0 


110.43 


139.43 


1.1 


4.19 


5.29 


4.3 


16.37 , 


20.67 


30.0 


114.24 


144.24 


1.2 


4.57 


5.77 


4.4 


16.75 


21.15 


31.0 


118.05 


149.05 


1.3 


4.95 


6.25 


4.5 


17.13 


21.63 


32.0 


121.85 


153.85 


1.4 


5.33 


6.73 


4.6 


17.52 1 


22.12 


33.0 


125.66 


158.66 


1.5 


5.71 


7.21 


4.7 


17.89 ' 


22.59 


34.0 


129.47 


163.47 


1.6 


6.09 


7.69 


4.8 


18.27 1 


23.07 


35.0 


133.28 


168.28 


1.7 


6.47 


8.17 


4.9 


18.65 


23.55 


36.0 


137.09 


173.09 


1.8 


6.85 


8.65 


5.0 


19.04 1 


24.04 


37.0 


140.90 


177.90 


1.0 


7.23 


9.13 


6.0 


22.85 


28.85 


38.0 


144.70 


182.70 


2.0 


7.61 


9.61 


7.0 


26.66 i 


33.66 


39.0 


148.51 


187.51 


2.1 


7.99 


10.09 


8.0 


30.46 ' 


38.46 


40.0 


152.32 


102.32 


2.2 


8.37 


10.57 


9.0 


34.27 1 


43.27 


41.0 


156.13 


197.18 


2.3 


8.75 


11.05 


10.0 


38.08 , 


48.08 


42.0 


169.93 


201.83 


2.4 


9.13 


11.53 


11.0 


41.89 1 


52.89 


43.0 


163.74 


206.74 


2.5 


9.51 


12.01 


12.0 


45.69 . 


57.69 


44.0 


167.65 


211.55 


2.6 


9.89 


12.49 


13.0 


49.50 


62.60 


45.0 


171.36 


216.36 


2.7 


10.27 


12.97 


14.0 


53.31 , 


67.31 


46.0 


175.17 


221.17 


2.8 


10.65 


13.45 


15.0 


57.12 


72.12 


47.0 


178.98 


226.96 


2.0 


11.03 


13.93 


16.0 


60.93 


76.93 


48.0 


182.78 


230.78 


3.0 


11.42 


14.42 


17.0 


64.74 


81.74 


49.0 


186.69 


236.69 


3.1 


11.80 


14.90 


18.0 


68.54 , 


86.54 


60.0 


190.40 


240.40 


3.2 


12.18 


15.38 


19.0 


72.35 


91.35 


60.0 


228.48 


288.48 
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TABLE 15 

Wbiortb and Specific Gravitibs or Gases Found in Furnaces. 







Specific Gravitt 


WMcht of 1 Ut. 
atO°C. 760 mm., 




Formula 







Gas 




45« Latitude 






Hydrogen - 
2. Mol. Weicht 


Air - 1 


and at Sea 


Acetylene 


C2H2 


26.947 


.89820 


1.16143 Grma. 


Atmoapheric Air 






1.00000 


1.293052 '* 


Ethane 


CaHa 


20.947 


1.03667 


1.34047 " 


Ethylene 

Carbon Monoxide 


'^* 


27.947 


0.96744 


1.26096 " 


27.937 


0.96709 


1.26050 ** 


Carbon Dioxide 


COa 


43.900 


1.51968 


1.96603 " 




Ha 

Cfi4 


2.000 


0.069284 


0.089623 " 


Hydrosen Sulphide 


34.000 


1.17697 


1.62189 « 


Methane 


15.974 


0.55297 


0.71502 " 


Nitrogen 


Na 


28.024 


0.97010 


1.26440 " 


Oxycen 




31.927 
03.927 


1.0521 
2.21295 


1.43906 *' 


Sulphur Dioxide 


2.86146 " 


Water Vapor 


HaO 


17.963 


0.62182 


0.80405 '* 







Landolt and Boemstein, loc. ct7., page 77. 



TABLE 16 

Specific Heats per Molecular Volumes. 



Gas 



Under Constant Pressure 



Under Constant Vclln 



PSrfectGases(pa.N2.H2.CO). 6.83X10-»+1.2XlO-H 

Water Vapor. HaO 8.08XlO-« + 6.8X10-H 

CarbonDiOTdde, COa ' 8.52 X 10-* + 7.4 X 10 'H 

Methane.CH^ I 9.78XlO-« + 12.XlO-H 



4.83Xia-«+1.2X10~H 
6.08Xia-»+5.8X10-H 
6.62XlO-»+7.4X10-H 
7.78X10-»+12.X10-H 
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TABLE 17 

Spbcxpxc Heats op Gases per Kiix>OBAit. 



Gases 



Oxygen 

Nitrogen and Carbon Monoxide. 

Hydrofen 

Water Vapor 

Carbon Dioxide 

Methane 



Under Constant Pressure Under Constant Volume 



.218 + 38 X 10 -H 
.243 + 42 X 10-H 
3.40J0 + 600 X 10 -H 
.447 + 324 X 10 - n 
.193 + 168 X 10-H 
.608 + 748 X 10-«t 



.160+ 38 X 10 -H 
.171 + 42 X 10 -«t 
2.400 + 600 X 10-H 
.336 + 324 X 10-«t 
. .160 + 168 X 10-H 
,491 + 748 X 10-H 



TABLE 18 

Mean Specipxc Heats, Between to** and t|° op Gases per Kilogram. 



Gases 



Oxygen 

Nitrogen and Carbon Monoxide. 

Hydrogen 

Water vapor 

Carbon Dioxide 

Methane or Marsh Gas 



Under Constant Pressure 



.213 + 19 X 10-H 
.243 + 21 X 10-H 
3.400 + 300 X 10-H 
.447 + 162 X 10-H 
.193 + 84 X 10-H 
.608 + 374 X 10-H 



Under Constant Volume 



.160 + 19 X 10-H 
.243 + 21 X 10 -H 
2.400 + 300 X 10-H 
336 + 162 X 10-H 
.160+ 84 X 10-H 
.491 +874 X 10-H 
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TABLE 19 

\ALvmm OF Factobs at and (1 + at) for Tempkraturbs Brtwbbn 0" and 1800* C. 



t 


at 


(1+at) 


t 


at 


(14- at) 


' t 

1 


at 


(14 at)'' t 1 ot 


(1 + at) 


10 


0.0367 


1.0367 


310 


1.1377 


2.1377 


; 610 


< 2.2387 


3.2387i 910l 3.3307 


4.8897 


20 


0.0734 


1.07341 


320 


1.1744 


2.1744,1 620 


2.2754 


3.2764,1 9201 3.3764 


4.8764 


30 


O.llOl 


1.1101; 


330 


1.2U1 


2.2111 


630 


2.3121 


3.3121, 930 


3.4131 


4.4131 


40 


0.1468 


1.1468; 


340 


1.2478 


2.2478 


640 


2.3488 


3.3488! 940 


3.4498 


4.4498 


60 


0.1836 


1.1836 


350 


1.2846 


2.2845 


660 


2.3865 


3.3866 


060 


3.4866 


4.4866 


60 


0.2202 


1.2202' 


360 


1.3212 


2.3212 


, 660 


2.4222 




960 


8.6232 


4.6282 


70 


0.2669 


1.2669 


370 


1.3679 


2.3579 


670 


2.4689 


3.4689 


970 


3.6699 


4.6699 


80 


0.2936 


1.2936, 


380 


1.3946 


2.3946 


680 


2.4966 


3 4956 


980 


3 .6966 


4.5966 


00 


0.3303 


1.3303 


390 


1.4313 


2.4313 


, 690 


2.6323 


3. 6323 


990 


3.6333 


4.6388 


100 


0.3670 


1.3670 


400 


1.4680 


2.4680 


I 700 


2.6690 


3.5690, 


1000 


3.6700 


4.6700 


no 


0.4037 


1.4037 


410 


1.6047 


2.5047 


710 


2.6067 


3.6057' 


1020 


3.7434 


4.7434 


120 


0.4404 


1.4404 


420 


1.6414 


2.6414 


720 


2.6424 


3.6424 


1040 


3.8168 


4.8168 


130 


0.4771 


1.4771, 


430 


1.6781 


2.6781 


730 


2.6791 


3.6791 


1060 


3.8902 


4.8902 


140 


0.6138 


1.6138' 


440 


1.6148 


2.6148 


740 


2.7168 


3.7168 


1080 


3.9636 


4.9636 


150 


0.6606 


1.6605 


450 


1.6615 


2.6515 


750 


2.7625 


3.7625 


1100 


4.0370 


6.0370 


160 


0.6872 


1.6872 


460 


1.6882 


2.6882 


760 


2.7892 


3.7892 


1120 


4.1104 


6.1104 


170 


0.6239 


1.6239 


470 


1.7249 


2.7249 


1 770 


2.8269 


3.8269 


1140 


4.1838 


6.1838 


180 


0.6606 


1.6606; 480 


1.7616 


2.76J6 


780 


2.8626 


3 8626 


1160 


4.2572 


6 2672 


100 


0.6973 


l.'t973 490 


1.7983 


2.7983 


790 


2.8903 


3.8903 


1180 


4.330^ 


6.3306 


200 


0.7340 


1.7340,1 500 


1.8360 2.8350 


800 


2.9360 


3.9360 12001 4.4040 


6.4040 


210 


0.7707 


1.77071 610 


1.8717 2.8717 


810 


2.9727 


3.9727 


1220 


4.4774 


6.4774 


220 


0.8074 


1.8074 620 


1.0084 2.9084 


! 820 


3.0094 


4.0094 


1240 


4.6606 


6.6608 


230 


0.8441 


1.84411 630 


1.9461 2.9461 


830 


3.0461 


4.0461 


1260 


4.6242 


6.6242 


240 


0.8808 


1.8808! 640 


1.0818 2.9818 


840 


3.0828 


4.0828 


1280 


4.6976 


6.6976 


260 


0.9176 


1.9175 660 


2.0186, 3.0186 


850 


3.1196 


4.1195 


1300 


4.7710 


6.7710 


260 


0.9642 


1.0642 


660 


2.0552 3.0552 


; 860 


3.1562 


4.1662 


1400 


6.1380 


6.1880 


270 


0.9909 


1.9909 


670 


2.0919 3.0919 


; 870 


3.1929 


4.1929 


1500 


6.600 


6.600 


280 


1.0276 


2.0276 


580 


2.1286 3.1286 


880 


3.2296' 


4.2296 


1600 


6.872 


6.872 


290 


1.0643 


2.0643 


590 


2.1653 3.1653 


890 


3.2663 


4.2663 


1700 


6.239 


7.230 


300 


1.1010 


2.1010 


600 


2.2020 3.2020 


1 900 


3.3030 


4.3030 


1800 


6.606 


7.606 
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TABLE 20 

International Atomic Wkiohts for 1905 of thr More Ubual. Chemical Elements. 



Aluminum. . 
Antimony.. 

Anenic 

Barium . . . . 

Bismuth 

Boron 

Bromine 

Cacimium . . 

Calcium 

Carbon 

Chlorine 

Chromium. . 

Cobalt 

Copper 

Fluorine 

Gold.. 



Hydrogen. 
Iodine .... 
Iridium . . . 
Iron 



Lithium 

Magnesium.. 
Manganese. . 

Mercurv 

M olyboenuni 

Nickel 

Nitrogen . . . . 

Oxygen 

Phosphorus. . 
Platinum. . . . 
Potassium. . . 

Silicon 

Silver 

Sodium 

Strontium. . . 

Sulphur 

Tin 

Titanium. . . . 
Tungsten. . . . 

Uranium 

Vanadium. . . 
Zinc 



Al 

Sb 

As 

Ba 

Bi 

B 

Br 

Cd 

Ca 

C 

CI 

Cr 

Co 

Cu 

F 

Au 

H 

I 

Ir 

Fe 

Pb 

U 

Mg 

Mn 

Hg 

Mo 

Ni 

N 

O 

P 

Pt 

K 

Si 

Ag 

Na 

Sr 

S 

Sn 

Ti 

W 

U 

V 

Zn 



— 




O - 16 


H - 1 


27.1 


26.9 


120.2 


119.3 


76.0 


74.4 


137.4 


136.4 


208.5 


206.9 


11.0 


10.9 


79.96 


79.36 


112.4 


111.6 


40.1 


39.7 


12.0 


11.91 


35.45 


35.18 


52.1 


51.7 


59.0 


58.55 


63.6 


63.1 


19.0 


18.9 


. 197.2 


195.7 


1.008 


1.000 


123.97 


126.01 


193.0 


191.5 


55.9 


55.5 


206.9 


205.35 


7.03 


6.98 


24.36 


24.18 


55.0 


54.6 


200.0 


198.5 


96.0 


95.3 


58.7 


58.3 


14.04 


13.93 


16.00 


15.88 


31.0 


30.77 


194.8 


193.3 


39.15 


38.86 


28.4 


28.2 


107.93 


107.11 


23.05 


22.88 


87.6 


86.94 


32.06 


31.82 


119.0 


118.1 


48.1 


47.7 


184.0 


182.6 


238.5 


236.7 


51.2 


50.8 


65.4 


64.9 
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TABLE 21 

Conversion Tables^. 

Conversion op Temperature Scales. 

Fahrenheit = F 
Centigrade = C 
Absolute = A 

9C 

F « -_ + 32 

5 

9 (A -273) ^^ 

F = — ^^ — ' + 32 

5 

^ 5(F-32) 
^ 9 

C = A - 273 

5 (F - 32) 



9 
A -C + 273 



+ 273 



One large calory = 3.968 32 B. t. u. Log. 0.598 6067. 
One B. t. u. « 0.251 995 8; large calory 1.401 3933. 
One inch = 2.54 centimeters; log. 0.404 8346. 
One foot = 30.480 centimeters; log. 1.484 0158. 
One centimeter = 0.393 700 inch; log. 1.595 1654. 
One square inch = 6.541 63 square centimeters; log. 0.809 6692. 
One square foot = 929.034 square centimeters; log. 2.968 0317. 
One square centimeter = 0.155 000 square inch; log. 1.1903308. 
One square centimeter = 0.001 076 387 square foot; log. 3.031 9683 
One cubic inch = 16.387 16 cubic centimeters; log. 1.214 5038. 
One cubic foot = 28 317.0 cubic centimeters; log. 4.452 0475. 
One cubic centimeter = 0.061 023 4 cubic inches; log. 5.7854 962. 

* Carl Herig, " Convermon Tables." 
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One cubic meter = 61 023.4 cubic inches; log. 4.785 4962. 
One cubic meter = 35.314 5 cubic feet; log. 1.547 9525. 
One kilogram = 2.204 62 pounds (av.);log. 0.343 3342. 
One pound (av.) ^ 0.453 593 4 kilogram; log. 1.656 6658. 

Pressures in Terms of Watery Mercury, Atmosphere: 



1 kilogram per sq. mm. = 100 kg. per sq. cm. 

= 1422.34 lb. per sq. in. 



1 kilo per sq. cm. 



2048.17 lb. per sq. ft. 
32.8083 ft. of water 
28.9572 in. of mercury 
735.514 mm. of mercury 
.967782 atmosphere 



3.153 0034 

3.311 3659 
1.515 9842 
1.461 7564 
2.866 5910 
1.985 7774 



1 atmosphere 



2116.351b. per sq.ft. 
760. mm. of mercury 
33.9006 ft. of water 
14.69691b. per sq. in. 
1.03329 kg. per sq. cm. 



3.325 5885 
2.880 8136 
1.530 2068 
1 . 167 2260 
.014 2226 



1 pound per square inch = 703.067 kg. per sq. m. 2.846 9966 

= 51 . 7116 mm. of mercury 1 . 713 5876 
- 2.306 65 ft. of water .362 9808 

= 2 . 035 88 in. of mercury . 308 7530 
= .070 306 7 kg. per sq. cm. 2.846 9966 
= .0680415 atmosphere 2.832 7740 



1 inch of mercury column = 70.7310 lb. per sq. ft. 1 .849 6095 

= 25.40005 mm. of mercury 1.404 8346 

= 1.13299 ft. of water 0.054 2278 ' 

= .491187 lb. per sq. in. 1 .691 2470 

= .0345337 kg. per sq. cm. 2.538 2436 

= .0334211 atmosphere 2.524 0210 
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1 foot of water column 



= 304.801 kg. per sq. m. 
= 62.42831b. per sq.ft. 
« 22.4185 mm. of mercury 
= .43353 lb. per sq. in. 
= .0304801 kg. per sq. cm. 
= .029498 atmosphere 



1 meter of water column = 204.817 lb. per sq. ft. 

= 73.5514 mm. of mercury 
= 3.28083 ft. of water 
« 2.89572 in. of mercury 
= 1.422341b. per sq. in. 
= .1 kg. per sq. cm. 
= .0967782 atmosphere 

1 mm. of mercury column = 13.59593 kg. per sq. m. 

= 2.78468 lb. per sq. ft. 
= .044606 ft. of water 
« .03937 in. of mercury 
= .019338 lb. per sq. in. 
- .01359593 meter of water 
= .00135959 kg. per sq. cm. 
= .00131579 atmosphere 



1 inch of water column = 



25.4001 kg. per sq. m. 
5.20236 lb. per sq. ft. 
1 .8682 mm. of mercury 
.073552 in. of mercury 
.036128 lb. per sq. in. 
.0254001 m. of water 
.00254001 kg. per sq. cm. 
.0024582 atmosphere 



Linear Velocities. 



2.484 0158 
1.795 3817 
1.350 6068 
1.637 0192 
2.484 0158 
2.469 7932 

2.311 3659 

1.866 5910 

.515 9842 

.461 7564 

.153 0034 

I. 000 0000 

2.985 7774 

1.133 4090 
.444 7749 
2.649 3932 
2.595 1654 
2.286 4124 
2.133 4090 
3.133 4090 
3.119 1864 

1.404 8346 
.716 2005 
.271 4256 
2.866 5910 
2.557 8380 
2.404 8346 
3.404 8346 
3.390 6120 



One meter per second « 3.280583 feet per second 0.515 9842 

One foot per second = .304801 meter per second 1 .484 0158 
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TABLES. 299 

TABLE 24 

Coefficients of heat conductivity in calories (sq. m.-hour-°C. *): 

Masonry 1.3 to 2.1 

Firebrick .7 

Air 0175 to .0205 

Cement 059 

Water 44 to .56 

Iron 40.00 to 70.00 

Copper 330.00 

> Lanboldt ft Boern*t«iD, *' Phys.-Chem. Tabellen." Also "Ingenieun Tftaehenbuch." 
VoL II. pp. 406-411. ^ 
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Gas (see also under Furnaces). 
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furnaces, retort, Siemens 
system 86 

masses^ reacting only here 
considered 66 

mixed, advantages of in 
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bustion temperatures of. 25 

(natural, Pittsburg), data 
concerning combustion 
of 26,27, 28 

(natural, Pittsburg), vol- 
ume of oxygen required 
for combustion 25 
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H 
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